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Introduction

Recently, there has been remarkable progress in the synthe-
sis of nanomaterials and their exploitation for various appli-
cations.[1,2] Superparamagnetic Fe3O4 nanoparticles have
been intensively studied and applied in bioseparation,[3]

drug targeting,[4] cell isolation,[5] enzyme immobilization,[6]

catalysis,[7] and wastewater treatment.[8] Quantum dots
(QDs) have also attracted great attention ever since their
first milestone application as luminescent labels in biological
detection.[9] Due to their interesting optical and electronic
properties, QDs are widely used today as versatile materials
in biosensing[10–12] and diagnostics.[13–15] When QDs are con-
jugated with biomolecules like proteins, which have fascinat-
ing macromolecular structure in terms of their unique recog-
nition, transport, and catalytic properties, not only can they

act as alternative labels to molecular fluorophores as fluo-
rescence biological probes, but they also can be functional-
ized in electrochemical biosensors or bioassays.[16–20] Howev-
er, due to their small size, these QD–protein bioconjugates
are inclined to aggregate, which greatly limits their applica-
tions.[21]

In addition, a new trend in materials science has emerged
in the last years, focused on the development of multifunc-
tional materials by incorporation of both magnetic and fluo-
rescent nanoparticles into single entity.[22–24] So far, consider-
able efforts have been made in the design of silica contain-
ing both Fe3O4 nanoparticles and QDs.[25, 26] The fabrication
methods include the use of magnetic particles and QDs as
cores followed by growth of a silica shell[26] and the inverse
suspension method.[27] More recently, magnetic and fluores-
cent silica spheres have been prepared by using silica-coated
magnetic nanoparticles as cores, followed by the assembly
of QDs at the core surface.[22] However, the smooth surface
of silica spheres restricts the loading of QDs to a monolayer,
which limits their application in bioassays. Therefore, a good
host is of paramount importance for incorporation of Fe3O4

nanoparticles and QDs for subsequent applications.
Manganese carbonate has been intensively investigated

owing to its abundance in nature and applications in lithium
batteries,[28,29] catalysis,[30] water treatment,[31] and solid pre-
cursors for metal oxide synthesis.[32,33] Spherical MnCO3 is of
particular interest because of its biocompatibility, surface
porous structure, and low specific gravity. MnCO3 micro-
spheres have been employed as templates for fabrication of

Abstract: Multifunctional manganese
carbonate microspheres with superpar-
amagnetic and fluorescent properties
were fabricated and used as biological
labels. The Fe3O4@MnCO3 micro-
spheres were synthesized by direct co-
precipitation without any linker shell.
The Fe3O4@MnCO3 microspheres have
uniform size distribution and rough
surface, which provides a promising
template for the assembly of polyelec-
trolytes (PEs) and CdTe quantum dots
(QDs). A luminescent CdTe shell was

observed in Fe3O4@MnCO3@PE-CdTe
spheres by confocal fluorescence imag-
ing. With excellent solubility in water
and rough surfaces, the multifunctional
microsphere offers a friendly microen-
vironment for immobilization of a-fe-
toprotein (AFP) antibodies (Ab2) to

fabricate Fe3O4@MnCO3@PE-CdTe-
Ab2 architecture. By using the
Fe3O4@MnCO3@PEs-CdTe-Ab2 bio-
conjugate as a label, a promising and
versatile platform for fluorescence
imaging and electrochemical immuno-
sensing of cancer biomarker AFP was
developed. The prepared electrochemi-
cal immunosensor shows high sensitivi-
ty and selectivity with a detection limit
of 0.3 pgmL�1.

Keywords: a-fetoprotein · fluores-
cent probes · immunoassays · mag-
netic properties · manganese car-
bonate

[a] J. Peng, L.-N. Feng, J.-J. Li, Dr. L.-P. Jiang, Prof. J.-J. Zhu
State Key Lab of Analytical Chemistry for Life Science
School of Chemistry and Chemical Engineering
Nanjing University, Nanjing 210093 (P. R. China)
Fax: (+86) 2-583-597-204
E-mail : Jianglp@nju.edu.cn

jjzhu@nju.edu.cn

[b] Prof. K. Zhang
The Affiliated Drum Tower Hospital of
Nanjing University Medical School
Nanjing, 210008 (P. R. China)

Supporting information for this article is available on the WWW
under http://dx.doi.org/10.1002/chem.201100899.

� 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Chem. Eur. J. 2011, 17, 10916 – 1092310916



various kinds of microcapsules,[34,35] as they can be decom-
posed under mild conditions of dissolution. These character-
istics have led to MnCO3 microspheres being used in drug
delivery,[36,37] protein encapsulation,[38,39] biosensing,[40,41] and
antimicrobial agents.[42] Compared to silica spheres, MnCO3

microspheres also have the advantage of easier preparation,
low cost, and good dispersibility in water. However, the
large size of MnCO3 microspheres (>3 mm) limits their ap-
plications in bioassays. Thus, a facile way to prepare MnCO3

spheres smaller than 1 mm is a great challenge and highly
desirable.

Here we report the synthesis of multifunctional MnCO3

microspheres with superparamagnetic and fluorescent prop-
erties (Scheme 1 a). Superparamagnetic Fe3O4@MnCO3 mi-

crospheres with a diameter of about 600 nm were synthe-
sized by one-step co-precipitation in glycerol/water. The
rough surface of the Fe3O4@MnCO3 microspheres offers a
promising template for assembly of PEs and QDs to fabri-
cate Fe3O4@MnCO3@PEs-CdTe microspheres. The multi-
functional microspheres have uniform size distribution, good
solubility, and dispersibility in water, and are thus suitable
for immobilization of a-fetoprotein antibodies (Ab2) to fab-
ricate Fe3O4@MnCO3@PEs-CdTe-Ab2 architectures. By
using the bioconjugates as labels, a versatile platform for
fluorescence imaging and electrochemical detection of
cancer biomarker a-fetoprotein (AFP) is thus developed
(Scheme 1 b). Notably, this technique can be easily adapted
for loading other types of QDs to obtain desired optical and
electrochemical labels for multiplexed assay and diagnostic
applications.

Results and Discussion

Characterization of multifunctional MnCO3 microspheres :
Fe3O4@MnCO3 microspheres were synthesized by a co-pre-
cipitation reaction in glycerol/water. Fe3O4 nanoparticles
with the size of around 8 nm were synthesized with good
monodispersity according to reference [43] (see Figure S1 in
the Supporting Information). Because the Fe3O4 nanoparti-
cles strongly interact with Mn2+ in solvent, no primer is re-
quired to promote deposition and adhesion of the MnCO3

layer. Figure 1 A shows an SEM image of the
Fe3O4@MnCO3 microspheres. The as-prepared
Fe3O4@MnCO3 microspheres have uniform structure and
rather rough surface. Figure 1 B shows a high-resolution

TEM image of the
Fe3O4@MnCO3 microspheres.
The Fe3O4 nanoparticles are en-
trapped in the MnCO3 micro-
spheres because of aggregation
of the Fe3O4 nanoparticles prior
to or during the coating process.
The Fe3O4@MnCO3 micro-
spheres have an average diame-
ter of about 600 nm (Fig-
ure 1 C). The surface of the mi-
crosphere is rough, in agree-
ment with the SEM image. The
unique structure of the
Fe3O4@MnCO3 microspheres
with a high surface area of
27.21 m2 g�1 makes them very
attractive for material-loading
purposes.

The magnetic properties of
the Fe3O4@MnCO3 micro-
spheres were recorded with a
SQUID magnetometer (Fig-
ure 2 A). The field-dependent
magnetization curve exhibits no
hysteresis at 300 K, demonstrat-

ing the superparamagnetic characteristics of the
Fe3O4@MnCO3 microspheres. The saturation magnetization
of the superparamagnetic Fe3O4@MnCO3 microspheres is
approximately 50.0 emu g�1, which is lower than the satura-
tion magnetization of the Fe3O4 nanoparticles of
70.0 emu g�1.[43] This could be explained by taking into ac-
count the thick MnCO3 shell surrounding the magnetic
cores. Figure 2 B shows photographs of the suspension of
Fe3O4@MnCO3 in the absence and in the presence of an ex-
ternal magnet. The particles can be easily dispersed in water
to form a brown suspension and be drawn from the solution
to the sidewall of the vial by an external magnetic field. The
magnetic particles can be brought again back into the origi-
nal solution by removing the external field and then slightly
agitating. These magnetic properties can allow the micro-
spheres to be used in bioseparation and bioassay since they

Scheme 1. a) Schematic illustration of the fabrication process of Fe3O4@MnCO3@PEs-CdTe-Ab2 3D architec-
ture. A) Fe3O4 nanoparticle. B) Fe3O4@MnCO3 microsphere. C) Fe3O4@MnCO3@PEs-CdTe microsphere.
D) Fe3O4@MnCO3@PEs-CdTe-Ab2 bioconjugate. b) Principle of immunosensor for fluorescence imaging and
electrochemical detection of AFP based on Fe3O4@MnCO3@PEs -CdTe-Ab2 labels.
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undergo strong magnetization, allowing for efficient magnet-
ic separation under an applied external magnetic field.

CdTe QDs were deposited on Fe3O4@MnCO3 micro-
spheres by using an electrostatic layer-by-layer method. A
PE film consisting of poly(sodium 4-styrenesulfonate) (PSS)
and poly(allylamine hydrochloride) (PAH) thin layers was
applied to the Fe3O4@MnCO3 microspheres. The layer-by-
layer assembly process was monitored by z-potential mea-
surement, which is an effective method for characterization
of the surface charge of microspheres.[43] Figure S2 in the
Supporting Information shows the z-potentials of
Fe3O4@MnCO3, Fe3O4@MnCO3/PSS, Fe3O4@MnCO3/PSS/
PAH, and Fe3O4@MnCO3@PEs-CdTe microspheres, and of
Fe3O4@MnCO3@PEs-CdTe-Ab2 bioconjugate. The
Fe3O4@MnCO3 microspheres are positively charged at neu-
tral pH with a potential of + 8.9 mV, which could be ex-
plained by an excess of manganese(II) cations. The carbon-
ate ion reacts with additional H+ , whereas manganese re-
mains absorbed on the particle surface. Subsequent alternat-
ing absorption of PSS and PAH layers onto the surface

yielded potentials of �23.7 and + 21.0 mV, respectively. The
positively charged Fe3O4@MnCO3@PEs microspheres could
be further used in the loading of CdTe QDs. The z-potential
of Fe3O4@MnCO3@PEs-CdTe was �28.0 mV. The larger
shift and more negative value of the potential after the load-
ing process results from a larger adsorbed amount of CdTe
QDs on the outer surface.

The deposition process of CdTe QDs onto the micro-
spheres was also monitored by fluorescence (see Figure S3
in the Supporting Information). Compared to the
Fe3O4@MnCO3 microspheres, a strong emission at 531 nm
was observed for the Fe3O4@MnCO3@PEs-CdTe micro-
spheres, indicating effective deposition of CdTe QDs onto
the microspheres. After the assembly of CdTe QDs, the
maxima of the emission spectrum is blueshifted compared
to the original CdTe QDs. Carboxyl-capped CdTe QDs
show higher photostability in the presence of an excess of
free carboxyl stabilizer. However, in this case, the carboxyl
group can interact with cationic groups (�NH3+) of the
PAH layer to produce unprotected CdTe QDs on the sur-
face of the microspheres, which could explain the spectral
shifts toward shorter wavelengths.[22] The inset in Figure S3
in the Supporting Information shows the fluorescence spec-
tra of the as-prepared CdTe QDs and the supernatant after
adsorption of CdTe QDs on Fe3O4@MnCO3 microspheres.
The obvious decrease in the intensity of the emission peak

Figure 1. A) SEM image of Fe3O4@MnCO3 microspheres. Inset: higher
magnification image of Fe3O4@MnCO3 microspheres. B) HRTEM image
of Fe3O4@MnCO3 microspheres. C) Size distribution of Fe3O4@MnCO3

microspheres.

Figure 2. A) Magnetization curve of the Fe3O4@MnCO3 microspheres at
300 K. Inset: zoomed area of the magnetization curve at low magnetic
field. B) Photographs of a solution of Fe3O4@MnCO3 microspheres in the
absence and presence of a external magnet.
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at 544 nm indicates adsorption of CdTe QDs onto the micro-
spheres.

The loading of CdTe QDs on the microspheres can be cal-
culated by the difference in intensity of the emission peak at
544 nm of the initial CdTe QD solution before and after
loading.[44] A rough estimate indicated that 1.0 mg of
Fe3O4@MnCO3@PEs microspheres could accommodate
6.3 � 1014 CdTe QDs. In a control experiment,
Fe3O4@MnCO3 microspheres without PE coating were
loaded with CdTe QDs, and the loading was 2.1 � 1014 CdTe
QDs for 1 mg of Fe3O4@MnCO3 microspheres. These results
indicate that the polyelectrolyte layers are very important
for loading of the CdTe QDs. First, the polyelectrolyte
layers could increase the loading of CdTe QDs. With PAH
as the outmost layer on the microspheres, the CdTe loading
was thrice that on the Fe3O4@MnCO3 microspheres alone.
The cationic groups (�NH3+) of the positively charged PAH
interact so strongly with the negatively charged carboxylate
(�COO�) groups on the surface of the CdTe QDs[21] that the
loading is greatly increased when PE layers are involved.
Meanwhile, since the positively charged PAH also intro-
duced more positive charge onto the surface of the
Fe3O4@MnCO3 microspheres, the enhanced electrostatic in-
teraction between the QDs and the microspheres also con-
tributes to the increased loading. The second role of the
polyelectrolyte layers lies in the inhibition of fluorescence
quenching after loading of CdTe QDs. Compared to
Fe3O4@MnCO3@PEs microspheres, the fluorescence of the
microspheres without PEs layers decreases rapidly. This
result could be ascribed to the fact that the PE layers in-
crease the distance between the microspheres and the CdTe
QDs. In addition, the PE layers also prevented aggregation
of the Fe3O4@MnCO3 microspheres by introducing more
positive charges onto the microspheres.

Confocal laser-scanning fluorescence microscopy was also
used to demonstrate the distribution of the CdTe QDs in
the Fe3O4@MnCO3 microspheres (Figure 3). The CdTe QDs
are uniformly distributed in the microspheres. Due to highly

effective loading of QDs, an obvious fluorescent CdTe shell
is observed for the CdTe-loaded microspheres.

Assembly of Ab2 on Fe3O4@MnCO3@PEs-CdTe micro-
spheres : Fe3O4@MnCO3@PEs-CdTe can inherit the advan-
tages of its parent materials, such as good solubility and dis-
persity in water. Ab2 can be conjugated to
Fe3O4@MnCO3@PEs-CdTe through strong interactions be-
tween the amino group of the protein and the carboxylic
group of the CdTe surface. As shown in Figure 4, the bio-

conjugates show strong absorbance around 280 nm (peak a)
for the protein, and weak absorbance at 523 nm (peak b) for
CdTe. The fluorescence intensity decreased after loading of
the protein (Figure S3, Supporting Information). With an
isoelectric point of pH 7.4, AFP antibodies are positively
charged at pH 7.0 in PBS, and could be easily assembled
onto Fe3O4@MnCO3@PEs-CdTe microspheres via electro-
static interaction. The potential of the microspheres changed
from �28.0 to �5.7 mV after binding with Ab2 (Figure S2,
Supporting Information). This result also confirms that Ab2

could be effectively linked to the surface of
Fe3O4@MnCO3@PEs-CdTe microspheres, while avoiding
protein cross-linking and retaining their specific immunore-
cognition ability. The amount of antibody molecules conju-
gated with microspheres was determined by monitoring the
difference in UV absorption at 280 nm of the Ab2 solution
before and after adsorption. The difference in the amount
of Ab2 before (30.00 mg mL�1) and after adsorption
(10.18 mg mL�1) represents the amount of Ab2 adsorbed on
the surface of the hybrid material. The adsorbed amount of
Ab2 was estimated to be 19.82 mg mL�1 in the stock disper-
sion.

Preparation of polydopamine (PDA) surface for immobiliz-
ing AFP capture antibodies (Ab1): A PDA film was used to
immobilize Ab1 by a facile approach.[45] Dopamine, a bio-
molecule that contains catechol and amino functional
groups, and is also found in high concentration in mussel ad-
hesive proteins, polymerizes at alkaline pH to form thin ad-

Figure 3. Confocal fluorescence images of Fe3O4@MnCO3@PEs-CdTe mi-
crospheres. Inset: overview of the microspheres

Figure 4. UV/Vis absorption of Fe3O4@MnCO3@PEs-CdTe-Ab2 bioconju-
gate. Inset: magnification of CdTe peaks in the absorption spectrum of
Fe3O4@MnCO3@PEs-CdTe-Ab2.
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herent PDA films that exhibit latent reactivity toward
amino and thiol groups. The reactivity of the polydopamine
film was exploited to covalently immobilize proteins on the
surface through a reaction between nucleophiles and the
polydopamine surface. Atomic force microscopy (AFM) was
employed to characterize PDA films and Ab1-immobilized
PDA. As shown in Figure 5 A, the PDA film on a glass sur-
face is complete, homogenous, and well ordered. Figure 5 B
shows that the Ab1 is coated on the PDA film after the reac-
tion between Ab1 and PDA. Distinctive difference in the
topography between in Figure 5 A and B can be observed
before and after the binding of Ab1, which indicates that
Ab1 is effectively bound to the PDA surface.

Immunosensor fabrication : The Fe3O4@MnCO3@PEs-CdTe
microspheres have advantages such as excellent superpara-
magnetic and fluorescence properties, as well as outstanding
biocompatibility, which make them promising for bioappli-
cations. AFP is a major plasma protein produced by the
yolk sac and the liver. AFP expression is often associated
with hepatoma and teratoma and has been widely used as a
diagnostic biomarker for hepatocellular carcinoma.[46] We
used AFP as a model cancer biomarker to demonstrate ap-
plication of Fe3O4@MnCO3@PEs-CdTe microspheres conju-
gated with Ab2 as a biolabel. The fabrication process of the
immunosensor is depicted in Scheme 1 b. Briefly, after the
substrate surface was coated
with PDA film, Ab1 was immo-
bilized on the substrate. Then,
the AFP antigen was added to
react with Ab1. Next, the
Fe3O4@MnCO3@PEs-CdTe-Ab2

bioconjugates were captured on
the surface by antigen–antibody
reaction.

Fluorescence imaging : To dem-
onstrate the practicality of the
proposed system, the multifunc-
tional particles were used as a
probe for immunosensing
events on a glass surface, moni-
tored by fluorescence microsco-
py (Figure 6). In the control ex-
periment, no fluorescence was
observed (Figure 6 A). In the
presence of 1.0 ngmL�1 AFP
(Figure 6 B), a strong green
fluorescence was observed at
the immunoreaction sites, indi-
cating the potential of the
probe for photoluminescence
detection.

Stripping voltammetric analysis :
By using the
Fe3O4@MnCO3@PEs-CdTe-Ab2

bioconjugates as labels, a promising immunosensor for the
electrochemical detection of AFP was developed. Square-
wave stripping voltammetry (SWV) is a very sensitive tech-
nique for metal trace analysis and has very low limits of de-
tection with a preconcentration feature.[47] The electrochemi-
cal signal was tested by determining the cadmium ions re-
leased from the biolabels by SWV. The SWV response is
strongly influenced by the assay conditions. Therefore, the
concentration of Ab1, incubation temperature, incubation
time, and the concentration of bioconjugates were investi-
gated (Figure S4, Supporting Information). As the Ab1 con-
centration increased from 10 to 50 mg mL�1, the peak current
increased and tended toward a stable signal at 30 mg mL�1.
As a result, a concentration of 30 mg mL�1 Ab1 was selected
for the further studies. The response increases with incuba-
tion time between 10 and 30 min and then levels off above
30 min. This indicates that the interaction of antigen with
antibody had reached equilibrium after 30 min, and hence
an incubation time of 30 min was selected in the experi-
ments. The maximum response occurs at a reaction tempera-
ture of 37 8C, which might be attributed to denaturing of
proteins at higher temperature and low immunoreaction ef-
ficiency at lower temperature. The response increased with
concentration and reached a platform at 50 mg mL�1 of bio-
conjugate.

Figure 5. AFM images of A) PDA-coated glass substrate. B) Immobilization of Ab1 on PDA films.

Figure 6. Fluorescence microscopic image of Fe3O4@MnCO3@PEs-CdTe-Ab2 bioconjugates as labels for sand-
wich immunoreaction. A) Control experiment without AFP antigen. B) With AFP concentration of
1.0 ng mL�1.
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Figure 7 A displays typical SWV curves of the immunoas-
say with different concentrations of AFP. The peak current
increases linearly with increasing logarithm of the AFP con-

centration over the range of 0.001–10 ngmL�1 (Figure 7 B).
The linear regression equation is I/mA=10.54+

2438 lg (CAFP/ngmL�1), with a linear regression coefficient of
0.996. The detection limit (S/N=3) was estimated to be
0.3 pgmL�1.

Specificity is an important criterion for any analytical
tool. Other proteins such as tumor necrosis factor-alpha
(TNF-a), immunoglobulin G (IgG), carcinoembryonic anti-
gen (CEA), and human interlekin-6 (IL-6) were used to
evaluate the selectivity of the immunoassay. The currents
obtained for each interfering substance at a concentration of
10 ngmL�1 in the presence of 1.0 ngmL�1 AFP were used as
an indicator for the assay selectivity in comparison with the
AFP alone (Table 1). The ratio of currents for AFP alone
and a mixture containing each interfering substance are
0.97, 1.02, 1.05, and 0.95, respectively, that is, no interference
is observed. Immunoassay reproducibility was estimated by
assaying one AFP level for five replicate measurements with
relative standard deviations (RSD) of 6.0 %. The storage
stability of the Fe3O4@MnCO3@PEs-CdTe-Ab2 was investi-
gated by comparison with the stripping signals after a sand-
wiched immunoreaction, which illustrated that 92.1 % of the
original reaction activity remained after two months of stor-
age for dried biolabels at 4 8C; when the biolabel was stored
in PBS at 4 8C, the stripping signals remained at about 98.3,

94.7, and 79.4 % after two weeks, one month, and two
months storage, respectively. This indicates good storage sta-
bility for the dried bioconjugates at 4 8C.

Clinical applications in human serum : The feasibility of the
immunoassay for clinical applications was investigated by
analyzing real samples, in comparison with the ELISA
method. The serum samples were diluted with PBS of
pH 7.4. Table 2 describes the correlation between the partial
results obtained by the proposed immunoassay and the
ELISA method. No significant difference is observed be-
tween the results given by the two methods, that is, the pro-
posed immunoassay can be satisfactorily applied to clinical
determination of AFP levels in human plasma.

Conclusion

Novel multifunctional MnCO3 microspheres with superpara-
magnetic and fluorescent properties were synthesized
through a simple route including a co-precipitation reaction
and layer-by-layer technique. The rough surface of the
Fe3O4@MnCO3 microspheres offers an ideal template for
QD loading. In addition, the polyelectrolyte layers also con-
tribute to formation of a uniform distribution of CdTe QDs
on the microspheres. The multifunctional MnCO3 micro-
spheres have advantages, such as superparamagnetism, out-
standing fluorescence, and good solubility in water, and
offer an optimized microenvironment for protein immobili-
zation to fabricate Fe3O4@MnCO3@PEs-CdTe-Ab2 architec-
ture. A promising and versatile platform was developed for
fluorescence imaging and electrochemical detection of a
cancer biomarker. The multifunctional MnCO3 microspheres

Figure 7. A) Typical SWV curves of electrochemical immunoassay with
AFP concentration of 0, 0.001, 0.01, 0.1, 1.0, 2.0, and 10 ng mL�1(a–g, re-
spectively). B) Resulting calibration curve of AFP plotted on a semi-log
scale.

Table 1. Possible interferences tested with the immunosensor.

Possible interference Current
ratio[a]

tumor necrosis factor-alpha (TNF-a) 0.97
immunoglobulin G (IgG) 1.02
carcinoembryonic antigen (CEA) 1.05
human interleukin-6 (IL-6) 0.95

[a] Ratio of currents for a mixture that contains 10 ng mL�1 of interfering
substance and 1.0 ng mL�1 of AFP compared with that for 1.0 ng mL�1 of
AFP.

Table 2. Assay results of clinical serum samples for the proposed and
ELISA methods.

Serum sample Proposed
method[a]ACHTUNGTRENNUNG[pg mL�1]

ELISA[a]ACHTUNGTRENNUNG[pg mL�1]
Relative
deviation [%]

1 266 269 �1.1
2 1456 1399 4.1
3 1870 1921 2.7
4 234 232 0.9
5 81.9 83.4 �1.8

[a] Average value of three successive determinations.
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are expected to find other potential applications, such as
drug delivery and diagnostics.

Experimental Section

Chemicals : a-Fetoprotein (AFP), monoclonal capture (Ab1), and signal
anti-AFP antibodies (Ab2) were purchased from Boson Biotechnology
Co. Ltd. Poly(sodium 4-styrenesulfonate) (PSS, M=70 000), poly(allyl-ACHTUNGTRENNUNGamine hydrochloride) (PAH, M =15000), 3-mercaptopropionic acid
(MPA), bovine serum albumin (BSA), 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide hydrochloride (EDC), N-hydroxysuccinimide (NHS), dopa-
mine (DA), and Tween 20 were obtained from Aldrich Chemical Co.
Phosphate buffer solution (PBS) with various pH was prepared by
mixing stock solutions of NaH2PO4 and Na2HPO4, and then adjusting the
pH with 0.1m NaOH and H3PO4. All of other chemicals were of analyti-
cal grade. Doubly distilled water was used throughout the experiments.
The clinical serum samples were from Nanjing Gulou Hospital.

Synthesis of Fe3O4@MnCO3 microspheres : Fe3O4 nanoparticles (50 mg)
were added to MnSO4 (100 mL, 0.016 m) in glycerol/water (1/1, v/v) and
stirred for 30 min. NH4HCO3 (100 mL, 0.16 m) in glycerol/water (1/1, v/v)
was then added and the mixture stirred for 1 h at 50 8C. Finally, the pre-
cipitate was centrifuged and washed with water three times.

Assembly of CdTe QDs on Fe3O4@MnCO3 microspheres : Fe3O4@MnCO3

microspheres (10 mg) were suspended in PSS or PAH solution (2 mL,
2.0 mg mL�1) for 10 min, and excess polyelectrolyte was removed by mag-
netic separation/washing in water. Thus, Fe3O4@MnCO3@PEs micro-
spheres were obtained. The water-soluble CdTe QDs were prepared by
our previous reported method.[16] The Fe3O4@MnCO3@PEs microspheres
were dispersed in a CdTe QDs solution (2 mL) and sonicated for 20 min.
After magnetic separation, the Fe3O4@MnCO3@PEs-CdTe hybrid was
obtained, and the supernatant was used for the analysis of the loading.
The composites were further washed with water three times.

Fabrication of Fe3O4@MnCO3@PEs-CdTe-Ab2 bioconjugates : 1 mL of
resulting hybrid was mixed with Ab2 solution (0.2 mL, 60 mg mL�1) fol-
lowed by addition of EDC (100 mL, 20 mg mL�1) and NHS solution
(100 mL, 10 mg mL�1). After incubation for 2 h and washing with water,
the bioconjugates were redispersed in PBS (10 mm, 1 mL) and stored at
4 8C for subsequent use.

Polydopamine (PDA) surface for immobilization of Ab1: A glass sub-
strate (GS) was immersed in an aqueous DA solution (2 mg mL�1) in Tris
buffer (10 mm, pH 8.5) for 24 h at room temperature and then washed
three times. All the resulting glass substrates were stored at 4 8C when
not in use.

Sandwich immunoreaction based on Fe3O4@MnCO3@PEs-CdTe-Ab2

labels : The PDA-coated GS (GS/PDA) was immersed in Ab1 solution
(40 mL, 40 mgmL�1, pH 7.4) for 12 h at 4 8C. After washing with PBST,
the Ab1 immobilized GS was blocked with blocking solution (PBS con-
taining 0.2% BSA) for 30 min at room temperature and washed with
PBST. Then, GS/PDA/Ab1 was incubated with AFP solution (40 mL) for
30 min at 37 8C. After incubation in Fe3O4@MnCO3@PEs-CdTe-Ab2 bio-
conjugates solution (40 mL, 50 mgmL�1) for 30 min, the substrate was
washed with PBST to remove nonspecifically bound conjugates.

Stripping voltammetric analysis : 100 mL of HNO3 (0.1 m) solution was
employed to release cadmium ions from the captured biolabels. The re-
sulting solution was mixed with HOAc/NaOAc buffer (1.9 mL, 0.2 m,
pH 4.6) to perform anodic stripping voltammetric detection with a mer-
cury film modified glassy carbon electrode. The working electrode was
prepared by deposition at �1.0 V for 3 min and scanning from �0.9 to
�0.2 V in Hg2+ solution (40 mgmL�1) in 0.2m HOAc/NaOAc buffer
(pH 4.6) under N2 atmosphere. Anodic stripping detection was carried
out by electrodepositing cadmium at �1.1 V for 4 min and then stripping
from �0.9 V to �0.2 V under N2 atmosphere with a square-wave voltam-
metric waveform, with 4 mV potential step, 15 Hz frequency, and ampli-
tude of 25 mV.

Apparatus and characterization : The morphologies of as-prepared mate-
rials were observed by TEM (JEOL JEM-200CX) and SEM
(LEO153VP). A SQUID magnetometer (Quantum Design) was used for
magnetic measurements at 300 K. UV/Vis spectra were recorded on a
Shimadzu UV-3600 spectrophotometer at room temperature. Zeta poten-
tials were measured with a PALS Zeta Potential Analyzer Ver. 3.43
(Brookhaven Instruments Corp.). The fluorescence spectra were record-
ed on a RF-5301 PC spectrofluorophotometer (Shimadzu). Confocal mi-
crographs were taken with a Leica TCS-SL confocal scanning system
mounted to a Leica Aristoplan and equipped with a 40 � oil-immersion
objective with numerical aperture of 1.25. All AFM experiments were
performed on SPA-300 HV with a SPI 3800 controller (Seiko) in tapping
mode. Electrochemical experiments were performed with a CHI660
workstation (Shanghai Chenhua, Shanghai, China). All differential pulse
voltammetric measurements were carried out by using a conventional
three-electrode system with a glassy carbon working electrode, saturated
calomel electrode, and a platinum counterelectrode.
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