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a b s t r a c t

Seed-mediated growth of fluorescent CdSe quantum dots (QDs) around g-Fe2O3 magnetic cores was

performed at high temperature (300 1C) in the presence of organic surfactants. Bi-functional magnetic

quantum dots (MQDs) with tunable emission properties were successfully prepared. The as-synthesized

MQDs were characterized by high-resolution transmission electron microscopy (HRTEM) and dynamic light

scattering (DLS), which confirmed the assembly of heterodimers. When a longer growth period was

employed, a homogeneous dispersion of QDs around a magnetic nanoparticle was obtained. The magnetic

properties of these nanocomposites were examined. The MQDs were superparamagnetic with a saturation

magnetization of 0.40 emu/g and a coercivity of 138 Oe at 5 K. To demonstrate their potential application in

bio-labeling, these MQDs were coated with a thin silica shell, and functionalized with a polyethylene glycol

(PEG) derivative. The functionalized MQDs were effectively used for the labeling of live cell membranes of

4T1 mouse breast cancer cells and HepG2 human liver cancer cells.

& 2011 Elsevier Inc. All rights reserved.
1. Introduction

The chemically synthesized II–VI semiconductor nanocrystals, also
known as quantum dots (QDs), exhibit size-dependent optical
properties such as sharp, tunable emission, broad absorption, single
source excitation, and long-term photostability. These interesting
optical properties have enabled the QDs to be used in applications
ranging from electronics [1,2] to biology [3–6]. On the other hand,
magnetic nanoparticles (MPs) have been increasingly employed in
magnetic resonance imaging (MRI) as contrast agents [7–11], MR
tracking of dendritic cells for cellular therapy [12], hyperthermia [13],
and nanomedicine platforms in drug delivery [14]. Recently, Cheon
and coworkers have shown an enhanced MRI sensitivity for the
detection of cancer markers using artificially engineered MPs [15].
ll rights reserved.
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Our interest lies in combining QDs and MPs in a single
nanocomposite system [16]. The resulting bi-functional materials
– magnetic quantum dots (MQDs) [17,18] – would be useful for
both fluorescence-based cell labeling and magnetically based cell
separation, drug targeting and MRI applications. Hence, there is a
great interest on the synthesis and characterization of this new
class of nanocomposites, as in general with the development of
nanocrystalline materials [19].

The synthesis, properties, and perspectives of hybrid nanocrystal
structures have been recently reviewed [20,21]. The examples for
heterodimers include magnetic semiconductors (e.g. FePt–CdS [22],
g-Fe2O3–CdS [23], g-Fe2O3–ZnS [23], and g-Fe2O3–TiO2 nanorods
[24,25]), magnetic noble metal systems (e.g. CoPt3–Au [26,27],
Fe3O4–Au [28a], Fe3O4–Ag [28a,b] and FePt–Ag [29]), and bimetallic
nanoparticles (e.g. Au–Ag [29]). Gu et al. [22] demonstrated an
interesting approach to the fabrication of heterodimers consisting of
FePt–CdS through an organometallic approach. Klimov and coworkers
have also shown that Co–CdSe core-shell nanocomposites could
be prepared by the drop-wise addition of CdSe precursors into
a vigorously stirred mixture of Co nanocrystals and surfactants
(trioctylphosphine oxide (TOPO) and hexadecyl amine (HDA)) at
140 1C for overnight growth [30]. Although these two systems were
bi-functional, their fluorescence quantum yield was low (o4%).
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The over-coating of CdSe with a higher band gap material (ZnS) for
these nanocomposites has not been reported. Deka and coworkers
[31] developed a colloidal two-step seeded-growth approach to
synthesize three-component magnetic/semiconductor hybrid nano-
crystals consisting of single-metallic Co head connected to either
apexes of CdSe–CdS core-shell nanorods. The nanocrystals retained
appreciable fluorescence in spite of photoexcited charge transfer from
the semiconductor to the metal domain, and exhibited unusual
ferromagnetic-like behavior at room temperature. Di Corato and
coworkers [32] prepared spherical nanobeads by grafting fluorescent
oligothiophene molecules to an amphiphilic polymer that was used
to enwrap magnetic iron oxide nanoparticles. Such nanostructures
displaying fluorescence and magnetic properties at the same time are
potentially useful for magnetic separation and multiplexed optical
detection of different tumor cell populations.

We have shown that the QDs and MPs synthesized separately
could be incorporated within silica by a facile reverse microemul-
sion method [16]. The resulting nanocomposites displayed the
emission and magnetic properties characteristic of QDs and MPs,
respectively. However, they showed low quantum yield and
required long synthesis time. We have also reported briefly on
the seed-mediated synthesis of MQDs by growing CdSe QDs on
Fe2O3 cores, yielding either heterodimers or a homogeneous
dispersion of QDs around Fe2O3. This method allowed for flex-
ibility in tuning the optical and magnetic properties separately
[33]. We have further demonstrated the silica coating of hydro-
phobic QDs (e.g. CdSe, ZnS–CdSe [34], and PbSe [35]) and MQDs in
a reverse microemulsion.

This paper presents the detailed synthesis, structural, optical
and magnetic properties of seed-mediated synthesis of MQDs.
The MQDs were coated with a thin silica layer via the reverse
microemulsion method, and surface functionalized with a PEG
derivative [36] consisting of oleyl groups at one end and NHS
ester at the other end to allow for the specific labeling of live cells’
membranes.
Fig. 1. (a) HRTEM image of oleic acid capped MPs. The size of MPs ranges from

8 to 10 nm. (b) XRD pattern of g-Fe2O3 MPs.
2. Experimental

Materials: iron pentacarbonyl (Fe(CO)5, 99.999%), octyl ether
(99%), oleic acid (99%), cadmium oxide (CdO, 99%), stearic acid
(95%), TOPO (99%), HDA (99%), trioctylphosphine (TOP, 90% tech),
Se (99.5%, 100 mesh) were purchased from Sigma-Aldrich. All
syntheses were performed in air-free Schlenk line setup in argon.

Synthesis of g-Fe2O3 MPs: the synthesis of maghemite nano-
particles was based on literature protocols [37]. Typically, a
mixture containing Fe(CO)5 (0.2 mL, 1.52 mmol), octyl ether
(10 mL), oleic acid (1.28 g, 4.56 mmol) was heated at 100 1C.
The temperature was slowly raised to reflux (�280 1C) and
maintained for 1 h. The resulting black solution was cooled, and
an oxidant ((CH3)3NO, 0.34 g) was added. The mixture was then
heated to 130 1C and kept for 2 h. After cooling to room tempera-
ture, the growth solution was precipitated with ethanol. The MPs
were collected by centrifugation, washed with ethanol (3� ) and
vacuum dried at 80 1C.

Synthesis of g-Fe2O3–CdSe MQDs: Peng and coworkers have
developed CdO-based synthesis of CdSe QDs using TOPO and HDA
as surfactants [38,39]. We followed a similar route with the same
surfactants for CdSe synthesis. In preparing the MQDs, CdO
(0.05 g, 0.39 mmol) and stearic acid (0.456 g) were first heated
to 150–200 1C, and then cooled to room temperature. MPs
(0.025 g, 0.156 mmol), TOPO (7.76 g) and HDA (7.76 g) were
added to this mixture, which was then heated to 280–300 1C. Se
(0.32 g, 4 mmol) dissolved in 9.6 mL of TOP was quickly injected
into this mixture within a few seconds, and the resulting CdSe
QDs were allowed to grow for different time periods (1–5 min) to
yield different dot sizes that corresponded to green, yellow,
orange and red emissions. The aliquots of growth solution were
quenched by the addition of chloroform. Methanol was then
added to the growth solution, and a magnet was applied to the
sample vial. All the particles were attracted to the magnet, leaving
behind a clear solution. The harvested particles were both
magnetic and fluorescent, confirming the successful synthesis of
MQD nanocomposite particles.

Silica coating of MQDs: MQDs passivated with TOPO/HDA were
precipitated once with methanol, and the precipitate was dried
under normal conditions at room temperature. 4 mg of the
precipitated MQDs was dispersed in 1 mL of chloroform. Micelles
were prepared by dissolving 0.2 g of Igepal-CO520 (polyoxyethy-
lene(5)nonylphenyl ether) in 4 mL of cyclohexane, and stirring
vigorously for 30 min. The MQDs in chloroform were added to the
micelles along with 10–50 mL of aminopropyl trimethoxysilane
(APS), and the mixture was stirred for 1 h. Next, 5–20 mL of
tetramethyl ammonium hydroxide (TMAH) in 2-propanol/metha-
nol was added to the mixture. After 1 h of stirring, 20 mL of
deionized water was added. The mixture was stirred for another
30 min until the bulk organic phase turned colorless, with the
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formation of orange/red globules on the surface of the glass vial.
The colorless organic phase was then discarded, leaving behind
the silica-coated MQDs (SiO2/MQDs) on the surface of the glass
vial. The SiO2/MQDs were washed with chloroform 3–5 times
to ensure the complete removal of excess surfactants and
other unreacted reagents from their surface. They were then
dispersed in 1 mL of 1� phosphate buffered saline (PBS), and
used immediately for bioconjugation to prevent precipitation. The
second addition of 10–50 mL of APS improved the stability of the
SiO2/MQDs in buffer.

Bioconjugation of SiO2/MQDs: the silanized MQDs were con-
jugated to oleyl-O-poly(ethyleneglycol)-succinyl-N-hydroxysuc-
cinimidyl ester, denoted as bio-anchored membrane (BAM) [36],
which was purchased from NOF Corporation, Tokyo. We devised
two methods of conjugating BAM with SiO2/MQDs. Both biocon-
jugation methods were found to be effective. In the first method,
10 mg of BAM was added to SiO2/MQDs (4 mg/mL) in buffer. The
NHS ester of BAM could readily react with the surface amine
groups of SiO2/MQDs to form an amide linkage between the BAM
and the MQDs. In the second method, 10 mg of BAM was
dissolved in 1 mL of anhydrous dichloromethane, and 10–50 mL
of APS were added. The mixture was allowed to react for 1 h with
stirring. The solvent was evaporated, and the residue was dis-
solved in 1 mL of aqueous dispersion of SiO2/MQDs. The surface
silanol groups on the silica-coated particles were reacted with the
APS conjugated to BAM. The final aqueous solution was filtered
through a 0.2-mm filter to remove any large aggregates.

Culture and labeling of mammalian cells: two adherent cell lines,
HepG2 human liver cancer cells and 4T1 mouse breast cancer
cells, were used for bioimaging. HepG2 cells were propagated in
Cd (St)2 +
TOPO + HDA

Fe2O3

+

Fe2O3
CdSe

5 nm

Fig. 2. (a) Schematic of the formation of g-Fe2O3–CdSe MQDs, (b–d) photographs show

and excitation at 365 nm (by UV lamp), and (e, f) HRTEM images of g-Fe2O3–CdSe MQ
Dulbecco’s modified Eagle’s medium (DMEM) supplemented with
10% fetal bovine serum (FBS) and 1% penicillin/streptomycin;
while 4T1 cells were cultured in Roswell Park Memorial Insti-
tute’s medium (RPMI-1630). All cells were pre-cultured overnight
at a density of 0.2 million cells/mL on a 10-mm cover slip at 37 1C
and 5% of CO2. 50–100 mL of BAM/SiO2/MQDs were loaded onto
the cells, and incubated for at least 5 min.

Instrumentation: An FEI Technai G2 high-resolution transmis-
sion electron microscope was used to image the MQDs. Absorp-
tion and emission spectra were acquired with UV–vis-NIR
spectrophotometer (UV-3600 Shimadzu) and Fluorolog (FL 3–11)
fluorometer, respectively. DLS experiments were performed with
Brookhaven 05-LHP-928 laser light scattering system (He-Ne laser,
35 mW). Quantum yields were estimated by comparing the inte-
grated emission intensity of QDs or MQDs to that of an organic dye
(Rhodamine 6G) at the same optical density (0.1) and excitation
wavelength (365 nm) using the following equation:

QY ¼
absStd

absX

� �
DFX

DFStd

� �
qStd

where QY is the quantum yield of sample, absStd is absorbance of
dye¼0.1, absX is absorbance of sample, DFX is integrated area
under the emission spectrum of sample, DFStd is integrated area
under the emission spectrum of dye, and qStd is quantum yield of
dye¼95%.

The magnetic properties of the g-Fe2O3–CdSe MQDs were
recorded using a SQUID magnetometer (Quantum Design MPMS
XL). The sample mass used for the measurements was 6.5 mg.
Confocal laser scanning microscope (CLSM) (Olympus Fluoview
300 confocal microscope) was used to observe the cell labeling.
Fe2O3/CdSe

Se/TOP

280 °C

Fe2O3

CdSe

5 nm

ing the fluorescence and magnetic properties of MQDs after magnetic harvesting

D dimers (11–14 nm).



Fig. 4. (a) HRTEM image of MQDs showing the assembly of QDs around a MP. The

QDs (4–5 nm) were grown at 280 1C for 5 min. (b) XRD pattern of MQDs. The

vertical solid and dotted lines correspond to the wurtzite structure of CdSe and

g-Fe2O3, respectively.
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3. Results and discussion

3.1. TEM analysis of g-Fe2O3–CdSe MQDs

The size of as-synthesized g-Fe2O3 MPs was 8–10 nm (Fig. 1a).
The MPs were coated with oleic acid in the synthesis following
literature protocols [37]. Most of the particles were octahedral,
and some of them were spherical in morphology. The HRTEM
image confirmed the highly crystalline nature of the particles
(Fig. 1a). Fig. 1b shows the X-ray diffraction (XRD) pattern of the
MPs, which corresponded to the maghemite (g-Fe2O3) phase [37].

In fabricating MQDs, CdSe QDs were grown onto g-Fe2O3

magnetic cores (Scheme in Fig. 2a). The addition of methanol
destabilized the growth solution and caused the particles to
precipitate. The particles were harvested by a magnet, leaving
behind a colorless supernatant. Fig. 2b–d shows the fluorescence
(excitation wavelength¼365 nm) and magnetic properties of the
harvested particles. The supernatant was not fluorescent, indicat-
ing the absence of QDs. The harvested particles were dispersed in
chloroform and precipitated with methanol, and a magnet
was applied to harvest the particles. The cycle of precipitation
and re-dispersion was repeated at least three times to ensure that
all free QDs were removed. The HRTEM images (Fig. 2e and f)
indicated that the g-Fe2O3–CdSe particles synthesized at short
growth times (1–2 min) were assembled as heterodimers. The
fusing of the crystal lattices of g-Fe2O3 MP and CdSe QD in the
heterodimers was clearly seen. Fig. 3 illustrates that a small
quantity (o5%) of trimers was also present. The overall size of
MQDs ranged from 11 to 14 nm.

The mechanism of heterodimer formation has been proposed
by several groups [20–23]. The formation of heterodimers is
dependent on the lattice match/mismatch between the crystal
lattices of two different materials. In a core-shell structure, the
growth of the shell material is dependent on the lower injection
temperature and slower addition of precursors, and on the partial
miscibility of the two materials. The interfacial energy also plays
an important role in directing the formation of heterostructures.
The three dominant mechanisms for the formation of heterodi-
mers include: (1) phase segregation of two immiscible materials,
(2) coalescence of an initially formed amorphous shell, and
(3) seed-mediated selective nucleation and growth. The first
mechanism would be applicable when the interfacial energy is
large enough between the two materials, resulting in the phase
segregation of two separate particle domains (e.g. Co–Pd and
Cu–In sulfide heterodimers) [20,21]. In the second mechanism, a
shell is first formed around the seed nanoclusters at a sufficiently
Fig. 3. (a, b) HRTEM images of g-Fe2O3–CdSe MQDs, which are mostly assembled
low interfacial energy [21]. Upon annealing, the amorphous shell
can be crystallized. The third mechanism applies to the synthesis
reported herein.

Specifically, our dimers were formed by seed-mediated nuclea-
tion and growth of QDs on the core g-Fe2O3 MPs. This was in
agreement with a similar mechanism proposed for CoPt–Au by
Pellegrino et al. [27]. In another recent study, it was shown that
as dimers (11–14 nm). The arrows indicate the intersection of QDs and MPs.
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g-Fe2O3 and II–VI QDs (e.g. CdS) exhibited a substantial lattice
mismatch, and therefore composed of both dimers and isolated
particles [23]. In preparing the dimers, we have taken extensive care
to remove the free QDs by magnetic precipitation and re-dispersion
cycles. In some cases, centrifugation at a low speed (1000 rpm) was
employed to precipitate the MQDs, leaving behind free QDs in the
supernatant. Hydrophobic–hydrophobic interactions were the main
factor for the formation of bi-functional MQDs. When methanol was
added, both the MPs and QDs were believed to be aggregated and
separated by the magnet, due to either the presence of dimers or the
formation of the hydrophobic bilayer, utilizing the interaction of the
surfactants (oleic acid on the MP surface and TOPO/HDA on the QD
surface). After dispersion of the precipitate in chloroform, surfac-
tants kept the MQDs highly dispersed in the system. Heterodimers
were formed at shorter growth period (1–3 min, corresponding to
green and yellow emissions) (see Fig. 2e and f). Interestingly, after a
longer growth period (5–8 min, corresponding to orange and
red emissions), an assembly of QDs was found around the MPs,
although a gap existed between the QDs and MPs (Fig. 4a). Thus, we
hypothesized that heterodimers were formed at shorter growth
periods, whereas trimers and tetramers might result at longer
growth periods, leading to a crown of QDs (homogeneous dispersion
of QDs) around the MP cores. At first, QDs would nucleate closer to
the MPs (cores), resulting in dimers. Once the nucleation sites were
occupied by QDs (dimers, trimers, etc.), then QDs would nucleate on
their own, resulting in individual particles.

The XRD pattern of MQDs is shown in Fig. 4b. The peaks at
2y�23.71, 25.51, 271, 42.41, 45.51, and 49.81 corresponded to the
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Fig. 5. (a) Volume- and (b) intensity-weighted particle size distribution of

g-Fe2O3–CdSe MQDs synthesized at 280 1C with a growth period of 3 min, obtained

from DLS experiments. The mean diameter of heterodimers is 13 nm.
wurtzite structure of CdSe, and the peaks at 2y�35.61, 43.51,
57.11, and 62.71 corresponded to g-Fe2O3 MPs. The selected area
electron diffraction pattern displayed the rings that originated
from the wurtzite structure of CdSe and the maghemite phase of
Fe2O3. The energy dispersive X-ray (EDX) analysis of the hetero-
dimers further confirmed that the darker and lighter regions
mainly consisted of Fe, and Cd and Se, respectively. This was
in good agreement with the diffraction pattern reported for
Fe3O4–CdSe heterodimers [40].
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3.2. DLS analysis of MQDs

Before the analysis, 3 mL of MQD samples were filtered �10
times with 0.2-mm filter to ensure that the samples were of high
quality (i.e. free from dust particles and particle agglomerates).
DLS data indicated that most of the particles were dimers with an
overall size of 12–14 nm, depending on the size of QDs grown by
varying the growth period (1–5 min) in the synthesis. A typical
example is illustrated in Fig. 5. The particle sizes derived from DLS
analysis were comparable to those obtained from TEM.

3.3. Magnetic properties of g-Fe2O3–CdSe MQDs

The magnetic properties of as-harvested MQDs were investigated
using SQUID magnetometry. The zero-field-cooled (ZFC) and field-
cooled (FC) curves obtained under two different applied fields
(50 and 1000 Oe) are shown in Fig. 6. The superparamagnetic
behavior was clearly observed. The ZFC curve exhibited a maximum
at 15 K under an applied field of 50 Oe. The magnetic particles were
in the blocked state at a low temperature (5 K), with the magnetic
moments of the particles (or macro-spins) being randomly oriented
in the sample. As the temperature increased, the macro-spins were
progressively unblocked due to the increase in thermal energy, and
immediately aligned in the direction of the applied field. This
induced an increase in the magnetization of the sample up to
15 K. At higher temperatures, thermal energy induced fast fluctua-
tions or reversals of the macro-spins and concomitant decrease in
magnetization. The low temperature of the observed maximum was
indicative of the relatively small magnetic anisotropy energy, while
the sharpness of the peak reflected a narrow MP size distribution in
the sample. The ZFC/FC curves obtained at 1000 Oe revealed the
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same effect, but the maximum of the ZFC peak was less pronounced.
When the applied field was too high, the macro-spins were aligned
in the direction of the applied field even at very low temperatures,
and the blocking phenomenon could not be observed.

The observed superparamagnetic behavior, characteristic of
small magnetically ordered structures [41,42], was due to the
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thermally driven spin reversals over an anisotropy energy barrier,
Eani¼Keff V, where V is the volume of the particle and Keff is the
effective magnetic anisotropy density. For magnetically isolated
particles with uniaxial magnetic anisotropy, the spin relaxation
time ts follows the Arrhenius equation first proposed by Néel [43],

ts ¼ t0 expðKeff V=kBTÞ ð1Þ

where t0 is a constant characteristic of the material (on the order
of 10�9 s), kB is Boltzmann’s constant, and T is temperature [44].
The presence of this anisotropy energy barrier produced the peak
in the ZFC curve, and determined the blocking temperature TB for
SQUID measurements [45]. At TB, the relaxation time ts equals the
characteristic measurement time tm of the SQUID magnetometer.
Assuming t0¼10�9 s and tm¼10 s, and using an average Fe2O3

particle size of 10 nm (established from TEM micrographs), Keff

was estimated to be 0.9�104 J/m3. This was lower than that of
our recently reported SiO2/g-Fe2O3–CdSe nanocomposite with
12-nm MPs (Keff¼5.1�104 J/m3) [16]. As it is known that mag-
netic anisotropy density increases with decreasing particle size,
the different Keff value observed must reflect smaller strain and
surface contributions to the effective anisotropy, probably due to
the absence of silica shell. The current method of direct growth of
CdSe QDs onto the surface of the MPs at elevated temperatures
appeared to result in a decrease in strain anisotropy at the
particles’ surface, with a concomitant reduction in Keff [46,47].
The magnetization values were expressed in electromagnetic
units per gram of sample. The low saturation magnetization
values (0.4 emu/g) were due to the presence of excess surfactants.
When normalized to the g-Fe2O3 content in each sample, the
magnetization values in electromagnetic units per gram of
g-Fe2O3 were found to be higher (�26 emu/g).

Hysteresis loops recorded at various temperatures from 5 to
70 K (below and above the blocking temperature of TB¼15 K) are
Fig. 10. (a, c) Confocal and (b, d) transmission micrographs of live cell membrane labeli

(c, d) red emissions. (For interpretation of the references to color in this figure legend
shown in Fig. 7. Magnetic behavior was only observed at tem-
peratures below 15 K. For higher temperatures, the loops were
narrow, which could be attributed to the superparamagnetic
behavior of the MPs. This effect was also evident in the tempera-
ture behavior of the remnant magnetization (Mr) and the coercive
field (Hc) (Fig. 8). As the temperature increased from 5 to 15 K,
both Mr and Hc decreased to zero.

3.4. Optical properties of silica-coated MQDs and bio-labeling

Liz-Marzán et al. [48], Mulvaney et al. [49], Giersig et al. [50] and
Nann and Mulvaney [51] have pioneered the silica coating method
for metallic nanoparticles such as Au and Ag. These methods are not
readily applicable to hydrophobic QDs as QDs are commonly coated
with surfactants such as TOPO and HDA in the synthesis. Silanization
protocols for hydrophobic QDs have been developed by Gerion et al.
[52], Parak et al. [53], and Kirchner et al. [54]. Silica coating of
hydrophobic semiconductors could also be conducted in a reverse
microemulsion [33–35,55,56]. Our approach relied on the use of
reverse microemulsion for silica coating. The surfactant interactions
played a major role in getting the particles into the aqueous domains
of the microemulsion. Thin SiO2/MQDs were rendered soluble
in water and buffers (Fig. 9a). The emission spectra (Fig. 9b) of
SiO2/MQDs in buffer indicated that the optical signatures were
retained even after silica coating, implying the integrity of the MQDs
after coating. The emission maximum ranged from 550 to 600 nm
with a full-width-at-half-maximum (FWHM) of less than 40 nm,
indicating the narrow size distribution of particles. The quantum
yield of as-synthesized MQDs varied from 13% to 18% with an
increase in emission wavelength from 550 to 600 nm. These values
were significantly greater than the quantum yield of 3.2% reported
for FePt–CdS MQDs in the organic growth solution [22]. The
quantum yield of our SiO2/MQDs varied from 8% to 13%.
ng of (a, b) 4T1 and (c, d) HepG2 cells using BAM/SiO2/MQDs with (a, b) orange and

, the reader is referred to the web version of this article.)



Fig. 11. (a, b, d) Confocal and (c) transmission micrographs of live cell membrane labeling of HepG2 cells using BAM/SiO2/MQDs with green and red emissions. (For

interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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The structure of MQDs used for bio-labeling is depicted
in Fig. 9c. The structure of the BAM is shown in Fig. 9d. The
SiO2/MQDs with terminal amine groups were used for bioconju-
gation with BAM. The reaction between amine groups (from
MQDs) and NHS ester (from BAM) resulted in a covalent amide
bond, exposing the oleyl groups for the effective labeling of the
cell membrane of 4T1 and HepG2. CLSM [57] is commonly
employed to study the imaging of cells with QDs. Typical confocal
and transmission micrographs of labeled cells with conjugated
MQDs are shown in Fig. 10. The BAM-functionalized SiO2/MQDs
(with orange and red emissions) labeled the outer cell mem-
branes of 4T1 and HepG2 cancer cells. The PEG groups enhanced
water solubility and reduced the non-specific adsorption of the
particles. In cell biology, the cell membrane acts as the defining
principle for many biological processes. Significant efforts have
been devoted towards understanding the mechanisms used
by cells to allow proteins, DNA, and ions to directly traverse
biological membranes [58]. Fig. 11 shows the confocal and
transmission micrographs of live cell membrane labeling of
HepG2 cells using BAM-functionalized, silica-coated, green and
red MQDs. The two-color imaging in overlay is shown in Fig. 11d.
4. Conclusion

We have demonstrated the fabrication of MQDs through a
seed-mediated approach. The formation and assembly of these
bi-functional nanocomposites have been elucidated by HRTEM.
The MQDs exhibited superparamagnetism and tunable emissions
characteristic of the components in this hybrid system. MQDs
with thin silica coating were also successfully employed in the
labeling of cancer cell membranes using a novel bioconjugation
approach.
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