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Fabrication of Magnetic Luminescent Nanocomposites
by a Layer-by-Layer Self-assembly Approach
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Magnetic luminescent nanocomposites were prepared via a layer-by-layer (LbL) assembly
approach. The Fe;O, magnetic nanoparticles of 8.5 nm were used as a template for the
deposition of the CdTe quantum dots (QDs)/polyelectrolyte (PE) multilayers. The number
of polyelectrolyte multilayers separating the nanoparticle layers and the number of QDs/
polyelectrolyte deposition cycles were varied to obtain two kinds of magnetic luminescent
nanocomposites, Fe;O4/PE,/CdTe and Fe;O4/(PEs/CdTe),, respectively. The assembly pro-
cesses were monitored through microelectrophoresis and UV—vis spectra. The topography
and the size of the nanocomposites were studied by transmission electron microscopy. The
LbL technique for fabricating magnetic luminescent nanocomposites has some advantages
to tune their properties. It was found that the selection of a certain number of the inserted
polyelectrolyte interlayers and the CdTe QDs loading on the nanocomposites could optimize
the photoluminescence properties of the nanocomposites. Furthermore, the nanocomposites
could be easily separated and collected in an external magnetic field. It provides a novel
technological innovation for luminescent tagging applications in biomedicine and biotech-
nology, such as rapid, convenient separation in vitro or site-specific transport in vivo due to

the excellent magnetic properties of the nanocomposites.

Introduction

In the past decade, colloidal 11-VI semiconductor
nanocrystals, often referred to as “quantum dots” or
QDs, have gained increasing attention in technological
applications and fundamental studies due to their
unique optical properties.t~® The nanocrystals exhibit
size-dependent tunable photoluminescence (PL) with
narrow emission bandwidths that span the visible
spectrum, as well as broad absorption spectra that allow
simultaneous efficient excitation of all colors of QDs at
a single wavelength.610 Also, they have high quantum
yield and excellent photostability.1112 Such advantages
over conventional organic dyes make it possible to
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become a new class of luminescent probes for biological
and biomedical applications. Alivisatos and co-workers!3
and Chan and Nie.'* first reported the use of QD
conjugates for labeling biological specimens. Subse-
quently, Nie and co-workers'® incorporated multicolor
QDs into polystyrene microbeads for multiplex optical
coding of biomolecules. More recently, the QDs with four
different surface coatings were successfully used in in
vivo imaging by Ballou et al.16

Magnetic nanoparticles, e.g., Fe3O,4, are additional
important materials due to their interesting magnetic
properties and have been sophisticatedly employed in
many advanced technology areas, including biology,
pharmacy, and diagnostics.1’~24 For example, the mag-
netic labeled biological materials were rapidly, conve-
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niently, and efficiently separated in an external mag-
netic field.1”18 In a targeting drug-delivery system, the
magnetic labeling of drugs could be easily administered
and transported to the terminal under the guidance of
an external magnetic field, leading to a safer and more
effective tissues-specific release of drugs.2® Magnetic
nanoparticles combined with semiconductor nanocrys-
tals would lead to a special functionalized magnetic
luminescent composite that enjoys both the advantages
of magnetic nanoparticles and semiconductor QDs and
offers higher potential applications. Wang et al.?5 used
dimercapto-succinimid acid modified y-Fe,O3; nanopar-
ticles reacted with CdSe/ZnS QDs to prepare water-
soluble magnetic luminescent composites in an organic/
water two-phase mixture. Through immobilized anticy-
cline E antibodies on the surface, the breast cancer cells
in serum were successfully separated and detected.
Gaponik et al.28 simultaneously encapsulated both CdTe
QDs and FezO4 in polymer microcapsules to prepare a
magnetic luminescent composite. They thought these
multifunctional water-soluble capsules could be used for
controlled release and directed drug delivery.

In this paper, we employed the layer-by-layer (LbL)
approach to prepare magnetic luminescent nanocom-
posites. The LbL approach was based on the electro-
static attraction between the oppositely charged species
deposited. The major advantage is that it permits the
preparation of coated colloids of different shapes and
sizes, with uniform layers of diverse composition as well
as controllable thickness.?’~32 The Fe;04 nanoparticles
were used as a template for the deposition of polyelec-
trolyte multilayers/CdTe QDs (i.e., Fe3O4/PE,/CdTe) or
alternative adsorption of three polyelectrolyte layers/
CdTe QDs multilayers (i.e., FesO4/(PE3/CdTe),). The
reason to use the CdTe QDs was that it was an
important member of the I1—VI semiconductor nano-
crystals and could be synthesized in aqueous solution
with strong photoluminescence.33-37 In is well-known
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that water solubility is crucial to most biological ap-
plications. Either the distance between the Fe;O4 nano-
particles and the CdTe QDs or the number of alternative
deposited PE3/CdTe QDs multilayers could be controlled
precisely by the LbL approach, resulting in determina-
tion of the PL of the nanocomposites. Moreover, the
nanocomposites have excellent magnetic properties and
can be conveniently separated and collected in an
external magnetic field. They could be utilized in the
fields of biolabeling, bioseparation, immunoassay, and
various other diagnostic applications.

Experimental Section

Materials. Poly(allylamine hydrochloride) (PAH, M,, 8000—
11000), a,0,0-tris(hydroxymethyl)methylamine (Tris), ferric
chloride, ferrous chloride, cadmium perchlorate hydrate, and
tetramethylammonium hydroxide were obtained from Aldrich.
Poly(sodium 4-styrenesulfonate) (PSS, M,, 13400) was pur-
chased from Fluka. Tellurium (reagent powder) and thiogly-
colic acid (TGA) were purchased from Acros. Milli-Q water
(18.3 MQ-cm™1) was used as a solvent.

Synthesis of Fe;O, Nanoparticles. The Fe;O, nanopar-
ticles were prepared by Massart's method.®® In a typical
experiment, a mixed aqueous solution of ferric chloride (50 mL,
1 M) and ferrous chloride (10 mL, 2 M, in 2 M HCI) were added
slowly into ammonia solution (500 mL, 0.7 M) under vigorous
stirring for 30 min at room temperature in a nitrogen
atmosphere. The resulting black precipitates were collected
by a permanent magnet. An aqueous solution of 1 M tetram-
ethylammonium hydroxide and 3 mg of adipic acid were added
to the precipitates. The solution reacted overnight at room
temperature. Then the precipitates were separated from the
solution by a permanent magnet and redispersed in 20 mM of
Tris containing 20 mM NacCl. The concentration of the colloidal
solution was about 25 mM.

Synthesis of TGA-Capped CdTe QDs. The CdTe QDs
were prepared following the modified method by adding Cd?*
into a NaHTe solution in the presence of thioglycolic acid
(TGA).%339 In brief, 12 mmol of TGA was added to a solution
of 5 mmol of Cd(ClO,),-6H,0 in 200 mL of water in a three-
necked flask. Then the solution was adjusted to pH 11 with 1
M NaOH and deaerated with N, for 30 min. After that, 2.5
mmol of oxygen-free NaHTe solution was injected into the
three-necked flask under vigorous stirring, which was freshly
prepared from tellurium powder and NaBH, (molar rate of 1:2)
in water. The resulting mixtures were then subjected to reflux
for 12 h.

Fabrication of Fe;0,/PE./CdTe Nanocomposites. A 0.2-
mL aliquot of 10 mg ml~* of PAH aqueous solution containing
20 mM Tris and 20 mM NaCl was added to 1 mL of the
negatively charged Fe;O,4. The PAH was allowed to adsorb for
20 min under stirring. PAH-coated Fe;O4 nanoparticles were
then collected by magnetic separation, followed by washing
with 20 mM Tris aqueous containing 20 mM NacCl several
times. Finally, they were redispersed in 1 mL of the identical
Tris solution and sonicated for 10 min to prevent aggregation.
Negatively charged PSS was then deposited onto the coated
Fes04 nanoparticles in the same conditions and procedures.
The above processes were repeated until the desired number
of PAH/PSS layers was deposited (see Scheme 1). Then 3 mL
of the negatively charged CdTe QDs was added to 1 mL of
PEn-coated FezO,4 solution with an outermost layer of positively
charged PAH. The composites were allowed to equilibrate
overnight under stirring. The excess CdTe QDs were subse-
quently removed by three magnetic separation/redispersion
cycles.
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Scheme 1. Schematic Illustration of the LbL
Process Forming the Magnetic Luminescent

Nanocomposites
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Fabrication of FezO4/(PEs/CdTe), Nanocomposites.
Prior to the deposition of the CdTe QDs layer, the primer three
polyelectrolyte layers (PAH/PSS/PAH, PE3) were formed by
alternative adsorption of PAH and PSS (0.2 mL from 10 mg
mL~* solution containing 20 mM Tris aqueous containing 20
mM NaCl) onto 1 mL of negatively charged Fe;O4 nanopar-
ticles, as described above. The polyelectrolyte adsorption time
was 20 min. After each adsorption step, the excess polyelec-
trolyte was removed by three repeated magnetic separation/
wash/redispersion cycles. The CdTe QDs coatings on the Fe;O4
nanoparticles was done by adding 3 mL of the negatively
charged CdTe QDs into 1 mL of PEs-coated Fe;O,4 solution,
sitting overnight for QDs adsorption, removing excess QDs by
three magnetic separation/redispersion cycles, and subse-
guently depositing another PE; layers, as outlined above for
the prime layers. The processes were repeated until the desired
number of CdTe QDs/PE; layers was formed.

Characterization. Transmission electron microscopy (TEM)
measurements were performed with a JEOL-2010 microscope
operated at an acceleration voltage of 200 kV in the bright-
field image mode. A drop of the nanoparticles solution was
cast on a 300-mesh carbon-coated copper grid and allowed to
dry.

Electrophoretic mobilities of the bare Fe;O, and coated
Fe3O, nanoparticles were measured using a zeta potential
analyzer (Brookhaven Instruments, U.S.A).

Absorption spectra were recorded at room temperature on
a Cary 100 UV—vis spectrophotometer.

Photoluminescence (PL) spectra data were obtained from
an FS920 steady-state fluorescence spectrometer (Edinburgh
Instruments) at room temperature. The excitation wavelength
was selected at 400 nm.

Magnetization of the Fe;O4 nanoparticles was measured by
a Quantum Design MPMS-XL SQUID magnetometer. The
field dependence of the magnetization was studied over the
range from —4 to +4 kOe at 298 K, in which the magnetization
of the nanoparticles was totally saturated.

Results and Discussion

Multilayer structures of the magnetic luminescent
nanocomposites, Fe;04/PE/CdTe and FezO./(PEs/CdTe),,
were fabricated as schematically outlined in Scheme 1.
The Fe3O4 nanoparticles were used as the template.
Their average size was about 8.5 nm, which was
confirmed by TEM and XRD (see Supporting Informa-
tion). They are negative in a basic medium since the

Hong et al.

20

10

-10 4

-20 4

-30 4

Zeta-Potential (mV)

-40 = o - a T

-50 T T T T T T T T T T T v
0 5 10 15 20 25 30

Layer number
Figure 1. Zeta-potential of the negatively charged Fe;O04/PE,
nanoparticles as a function of polyelectrolyte layer number for

PAH/PSS coatings. The odd layer numbers correspond to PAH
deposition and the even layer numbers to PSS adsorption.

magnetic hydrosol has an isoelectric point of 6.6.4°
Meanwhile, carboxyl groups of adipic acid adsorbed on
the surface of the Fe;O4 nanoparticles were ionized in
the Tris aqueous of pH 9.0 to enhance the negative
charge of the surface and improve the stability of the
nanoparticles. The large amount of surface negative
charge was therefore favorable for the deposition of
positively charged PAH. With driving of the electrostatic
interactions, positively charged PAH or negatively
charged PSS were alternatively deposited onto the
surface of FezO4 nanoparticles, forming uniform poly-
electrolyte multilayers. Based on that, the thickness of
polyelectrolyte interlayer film could be tuned. It means
that the distance between the Fe;O4 nanoparticles and
the CdTe QDs could be well-adjusted. Additionally, the
polyelectrolyte interlayers could provide a positively
charged outer surface to facilitate the adsorption of the
negatively charged QDs.3%41 Furthermore, the CdTe
QDs could also be repetitiously adsorbed onto the
surface of the FesO,4 nanoparticles with the help of the
polyelectrolyte multilayers. In our experiment, all of the
constituents to fabricate the nanocomposites dissolved
in water, and therefore it provided the nanocomposites
with fine water solubility, which laid the foundations
of their success in biologic, clinical, and diagnostic
applications.

Fe;04/PE,/CdTe Nanocomposites. Several experi-
mental techniques can be employed to monitor the
formation of each polyelectrolyte layer deposited se-
guentially on colloids. Microelectrophoresis provides a
qualitative indication as to whether multilayers are
deposited.*243 Figure 1 shows the ¢-potential as a
function of polyelectrolyte layer number for negatively
charged Fe3;04 nanoparticles coated with PAH and PSS.
As expected, the original FesO4 nanoparticles had a
negative ¢-potential of —25.7 mV. The presence of a
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Figure 2. PL spectra of the magnetic luminescent nanocom-
posites Fe;O4/PE/CdTe. Fromatog, n=1, 3,5, 9, 11, 15,
and 21, respectively. The inset shows a plot of the PL intensity
vs the number of deposition cycle.

single layer of adsorbed positively charged PAH on the
Fes0,4 nanoparticles caused a reversal in {-potential to
positive values (+7.5 mV), and subsequent deposition
of a negatively charged PSS reversed the ¢-potential
back to negative values (—41.5 mV). Further polyelec-
trolyte depositions caused the {-potential to alternate
in sign, depending on whether the outermost layer was
positively or negatively charged. Deposition of the CdTe
QDs onto PEp-coated Fe3O4 nanoparticles with the
outermost layer of PAH caused the Z-potential to be
reversed from +7 to —35 mV. This ¢-potential was lower
than the one of PSS since the original CdTe QDs yielded
a lower ¢-potential of about —38.1 mV while PSS yielded
that of —44.3 mV. The alternation in {-potential quali-
tatively demonstrated a successful recharging of the
particle surface with the deposition of each polyelectro-
lyte layer and the CdTe QDs and suggested the stepwise
layer growth occurring during the fabrication of the
magnetic luminescent nanocomposites.

The PL properties of Fe;O4/PE,/CdTe nanocomposites
were investigated at the fixed concentration of coated
Fe3;0,4 nanoparticles. Figure 2 shows the PL emission
spectra of the nanocomposites with a different number
of polyelectrolyte layers up to 27 layers. The narrow
emission bands at about 595 nm were demonstrated.
The PL intensity was very sensitive to the distance
between the FezO4 nanoparticles and the CdTe QDs. It
was enhanced with a corresponding increase of the
thickness of polyelectrolyte interlayers and remained a
constant maximum after 21 layers of polyelectrolytes.
In the system, polyelectrolyte multilayers themselves
did not influence the PL signal from the CdTe QDs.%2
Thus, the enhancement of PL might be caused by two
other things. One was that, as a transition metal oxide,
the interaction between the Fe30,4 and the QDs would
lead to energy transfer, and hence influence the PL
properties of the nanocomposites.** This kind of interac-
tion was extremely sensitive to the separation distance
between the Fe;O4, nanoparticles and the QDs and
drastically diminished with the increasing of distance.
The other was that the surface area of a single particle
increased with adsorbed polyelectrolyte layers, leading

(44) Agekyan, V. F. Phys. Solid State 2002, 44, 2013.
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Figure 3. Zeta-potential of the magnetic luminescent nano-
composites Fe;04/PE,/CdTe. The odd layer number corre-
sponds to PAH deposition, (2n + 4) layer to PSS deposition,
and the 4n layer to the CdTe QD deposition, where n = 1, 2,
3, and 4, respectively.

much more CdTe QDs to deposit on the surface per unit
of the Fe3O4 nanoparticles. However, this increase was
confined to a certain region. When the finite magnitude
was extended, it would lead to a decrease of PL due to
quenching by the concentration. The influences on PL
were considered to be a cooperative effect of the two
factors, the distance and the concentration. They might
reach approximative equilibrium after 21 polyelectrolyte
layers are deposited.

Fe304/(PE3/CdTe), Nanocomposites. Fez04/(PEs/
CdTe),, nanocomposites were prepared by repetitious
deposition of PE3/CdTe on the FesO4 nanoparticles. The
polyelectrolyte interlayers not only acted as molecular
“glue” but they could also impart enhanced colloidal
stability to the coated particles via electrostatic as well
as steric contributions. The outermost layer was PAH,
therefore providing a positively charged surface for
CdTe QDs deposition.

One of the prerequisites for the sequential deposition
of oppositely charged polyelectrolytes and the CdTe QDs
onto the Fe3;O, nanoparticles was charge inversion at
the end of each deposition step. Figure 3 shows the
C-potential as a function of repetitiously adsorbed PE3/
CdTe QDs onto the Fe3O4 nanoparticles. The prime
C-potential of the Fe3O4 nanoparticles was negative.
After adsorbed PAH, it inversed to be positive. And the
resulting positive surface charge allowed for coating
with a layer of negatively charged PSS, followed by
adsorption of PAH once more, and the &-potential
inversed to be positive again. Subsequent deposition of
the CdTe QDs onto PEs-coated Fe3zO,4 would result in a
negative Z-potential.

Further evidence for the formation of the composites
of Fe304/(PE3s/CdTe QDs), was provided by UV-—vis
absorption spectra. Figure 4 shows the absorption
spectra of the FesO4 nanoparticles, CdTe QDs, and the
magnetic luminescent nanocomposites with one to four
deposition cycles of PE3/CdTe QDs on the Fe;O4 nano-
particles, respectively. The adsorption spectra of the
Fes0O4 nanoparticles and CdTe QDs dispersions were
retained in the magnetic luminescent nanocomposites,
where the absorbance peak at about 560 nm was in
agreement with the one of CdTe QDs in Figure 4c—f. It
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Figure 4. UV-vis spectra of (a) the FesO4 nanoparticles, (b)
the CdTe QDs, and (c—f) the magnetic luminescent nanocom-
posites with different CdTe QDs deposition cycles. Curves c—f
refer to Fe3O4/PE3/CdTe, Fe304/(PE3/CdTe)2, Fe304/(PE3/
CdTe)s, and Fe;04/(PE3s/CdTe),, respectively. The inset shows
a plot of the absorbance at 560 nm vs the number of the CdTe
QD deposition layers.

Figure 5. (a) A TEM image of the magnetic luminescent
nanocomposites with three deposition cycles of CdTe QDs/PE;
on the Fe3O, nanoparticles. The average diameter of the
composites was about 34 nm. (b) A high-resolution TEM image
of a single magnetite nanoparticle coated with three layers of
CdTe QDs/PEs. It allowed visualization of the CdTe QDs with
lower contrast adsorbed on the surface of a magnetite nano-
particle.

illustrated that the CdTe QDs were assembled success-
fully into PEs-coated Fe3O4 nanoparticles. The absor-
bance at 560 nm was used to monitor the efficiency of
the LbL self-assembly process. The observed linear
increase of the CdTe QDs absorbance vs the correspond-
ing deposition number indicated a stepwise and uniform
assembling process (shown in the inset in Figure 4).

Topography and the size of the magnetic luminescent
nanocomposites could be directly visualized by TEM.
Figure 5a shows the TEM image of Fe3O4/(PE3/CdTe)s.
The average diameter of the composites was about 34
nm. Few aggregations were observed. A high-resolution
TEM image of a single Fez04/(PE3/CdTe); nanocompos-
ite is shown in Figure 5b. It was obvious that the CdTe
QDs with lower contrast were adsorbed on the surface
of the Fe3O,4 nanoparticle. Because the components of
the polyelectrolytes in the nanocomposites had too low
electron density to contribute to the contrast in the
image, only gaps between the QDs and the Fe3O4
nanoparticles could be observed.

For the single magnetic luminescent nanocomposite,
the concentration of the CdTe QDs could also be
adjusted by varying the deposition cycles of the PE3/
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Figure 6. PL spectra of Fe;04/(PEs/CdTe),. The curves, from

a to d, correspond to the number of deposition cycles n from 1

to 4. The inset shows the increase of PL intensity with the
number of the CdTe QD deposition cycles.
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Figure 7. Magnetization curve of magnetite nanoparticles at
room temperture. There was no hysteresis, i.e., no remanence
or coercivity, which was consistent with superparamagnetic
behavior.

CdTe QDs multilayers. This adjustment would influence
the PL of the nanocomposites and finally resulted in the
increase of PL within the finite range (Figure 6). In our
experiments, the relative emission intensity of the
composite was linearly enhanced with the increase of
CdTe QDs deposition cycles (the insert in Figure 6).

Rapid Magnetic Separation of the Magnetic
Luminescent Nanocomposites. Rapid efficient col-
lection and accurate sensitive detection of various water-
soluble bioconjugates have become one of the desired
scientific goals with ramifications in immunoassay,
bioseparation, and biolabeling applications. However,
it is difficult for the conventional QDs-labeled biocon-
jugate materials, even under ultracentrifugation condi-
tions. The magnetic luminescent nanocomposites over-
came this disadvantage due to their magnetic property
derived from the Fe;O4 nanoparticles. Figure 7 shows
the magnetization loop of the Fe3O4 nanoparticles at 298
K. The curve was free of any hysteresis and the zero
coercivity was obvious, which were consistent with
superparamagnetic behavior and the nanoscale dimen-
sions of the particles. The superparamagentic property
meant that the nanoparticles were magnetic only when
placed in a very strong magnetic field. Removed the
magnetic field, it would lead to a rapid decay of the
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a b

Figure 8. Photograph images of the magnetic luminescent
nanocomposites under UV irradiation (a) without and (b) with
an external magnetic field. The magnetic field strength of the
magnet was 1000 G. A color change from the orange to
transparent was observed when an external magnetic field was
applied, showing the aggregation processes. The aggregations
could be dispersed rapidly when the magnetic field was
removed.

magnetization. It is critical for the magnetic lumines-
cent nanocomposites to succeed as labels for separation
or bioassay. If the individual particle possessed a
remnant magnetic field, each particle would act as a
small dipole magnet, resulting in aggregations and
precipitation of the particles. Figure 8 illustrates the
separation and redispersion process of the magnetic
luminescent nanocomposites. In the absence of an
external field, the dispersion of the magnetic lumines-
cent nanocomposites was orange and homogeneous
under UV radiation (Figure 8a). When the external
magnetic field was applied, magnetic luminescent nano-
composites were enriched and the dispersion became
clear and transparent (Figure 8b). With removal of the
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magnetic field followed by vigorous stirring, the ag-
gregations were rapidly redispersed. It should be men-
tioned that the magnetic properties of the nanocompos-
ites also made it possible for site-specific transport.

Conclusion

In this paper, we presented a LbL assembly approach
to fabricate the water-soluble magnetic luminescent
nanocomposites. The Fe;O4 nanoparticles were used as
a template for the controlled adsorption of CdTe QDs/
polyelectrolyte multilayers. With variation of the num-
ber of deposition cycles of polyelectrolyte interlayers and
CdTe QDs/polyelectrolyte multilayers, the nanocompos-
ites of Fe304/PE./CdTe and FeszO4/(PE3/CdTe), were
successfully fabricated, respectively. It was found that
the controlled distance of the polyelectrolyte interlayer
between the magentic nanoparticles and QDs and the
CdTe QDs loading on the nanocomposites played a key
role in improving the PL of the nanocomposites. Besides
the intensive PL, the nanocomposites simultaneously
exhibited excellent magnetic properties and were easily
separated from solution using a permanent magnet. In
a few words, the PL, magnetic, and water-soluble
properties of the nanocomposites would allow them to
find a large range of applications for biolabeling, bio-
separation, immunoassay, and diagnostics.
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