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Hydrazide-containing bifunctional nanospheres were covalently

coupled on the surface with IgG, avidin, and biotin, to generate

novel fluorescent-magnetic-biotargeting trifunctional nano-

spheres, which can be used in a number of biomedical

applications, including visual sorting and manipulation of

apoptotic cells as demonstrated here.

Nanospheres are becoming the materials of choice for a rapidly

increasing number of pharmaceutical applications and in bio-

medical research. Quantum dots, nanometer-sized semiconductor

crystals, are a new class of fluorescent labeling reagents,1 which can

be attached to biomolecules such as immunoglobulin G (IgG)2 and

streptavidin,3 etc. Magnetic microspheres coated with a specific

ligand can be used to isolate cells,4 cell organelles,5 and biologically

active molecules such as nucleic acids6 and proteins.7 Combining

the fluorescent and magnetic properties into a single nanosphere

would greatly increase its application potential in biomedical and

biopharmaceutical fields. Recently, several methods have been

developed by using QDs and magnetic nanoparticles8,9 but the

resulting nanospheres have little use in biomedical fields because of

the lack of biomolecules on their surface. We have previously

developed a new strategy to fabricate bifunctional nanospheres

with both fluorescence and magnetism8,10 with higher structural

stability by co-embedding quantum dots and nano-c-Fe2O3 into

poly(styrene/acrylamide) copolymer nanospheres, and used it to

generate folic acid-containing trifunctional nanospheres,10 which

show capacity for the capture and separation of specific cancer

cells. We describe here new methods for the biofunctionalization

of bifunctional nanospheres (100–150 nm in diameter) with

immunoglobulin G (IgG), avidin, and biotin to generate

trifunctional nanospheres with a wide range of potential

biomedical applications.

Goat anti-rabbit IgG (0.4 mL, 5 mg/mL, Sigma) was oxidized

to create active aldehydes in its Fc fragment with sodium

meta-periodate (0.1 mL, 50 mmol/L in 0.1 M pH 6.8 PBS,

Sigma) in an amber vial for 30 min at room temperature with

constant shaking.11 The reaction was stopped and unreacted

sodium meta-periodate was removed by passing the mixture

through a desalting column (PD10, Amersham Biosciences).

Hydrazide-containing bifunctional nanospheres embedded with

orange-red quantum dots were completely resuspended by

sonication for a few min after a third wash with PBS. The

suspension of hydrazide-containing bifunctional nanospheres

(0.5 mL, 20 mg/mL in PBS ) and the oxidized antibody (0.5 mL,

ca. 4 mg/mL in 0.1 M pH 6.8 PBS) were mixed and incubated with

constant shaking for at least 6 h at room temperature (Scheme 1A),

and subsequently washed ten times with PBS. As a result,

fluorescent-magnetic-biotargeting trifunctional IgG-nanospheres

were obtained.

To characterize the bioactivity of goat anti-rabbit IgG on their

surface, the trifunctional nanospheres (0.2 mL, in 0.1 M

pH 7.2 PBS) were incubated with rabbit anti-human IgG-FITC

(10 mL, 3.0 g/L, Beijing Zhongshan Golden Bridge Biotech. Co.

Ltd.) for 30 min at 4 uC with gentle shaking, followed by washing

ten times with PBS to remove the unbound rabbit anti-human

IgG-FITC. Microscopic analysis of the FITC fluorescence clearly

demonstrated the binding of rabbit anti-human IgG to the goat

anti-rabbit IgG on the surface of the nanospheres (Figs. 1A and

1B), indicating that the activity of the goat anti-rabbit IgG was
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Scheme 1 (A) Fabrication of a trifunctional IgG-nanosphere. IgG was

first oxidized to create active aldehydes in its Fc fragment. The aldehyde-

containing IgG was then conjugated to hydrazide groups on the surface of

a bifunctional nanosphere. The same approach was also used to produce a

trifunctional avidin-nanosphere by using avidin to substitute IgG. (B)

Fabrication of a trifunctional biotin-nanosphere. Sulfo-NHS-LC-LC-

biotin reacted directly with hydrazide on the surface of the bifunctional

nanosphere.
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preserved during the coupling process. On the other hand, no

FITC fluorescence was detected on the nanospheres when rabbit

anti-human IgG-FITC was incubated with the nanospheres

coupled with non-oxidized goat anti-rabbit IgG antibody

(Fig. 1C), or when bifunctional nanospheres were incubated with

rabbit anti-human IgG-FITC (Fig. 1D). These results demon-

strated that the trifunctional nanospheres specifically recognized

rabbit anti-human IgG through their surface goat anti-rabbit IgG

and that covalent coupling was needed to generate such

trifunctional nanospheres.

To investigate the versatility of biofunctionalization of our

bifunctional nanospheres, we generated two additional types of

trifunctional nanospheres. First, we coupled avidin to the

bifunctional nanospheres as described above for goat anti-rabbit

IgG. When these avidin-nanospheres were incubated for 1 h with

biotin-FITC in PBS, followed by thorough washing with PBS to

remove excess biotin-FITC, biotin capture by the avidin on the

surface of the nanospheres was confirmed by fluorescence

microscopy, while no capture occurred when bifunctional nano-

spheres without avidin coupling were incubated with biotin-FITC,

or when biotin-FITC was incubated with the nanospheres having

incubated with non-oxidized avidin (see Supplementary

Information, Fig. SI-1), again demonstrating the specificity and

bioactivity of the trifunctional nanospheres.

Second, we coupled biotin to the bifunctional nanospheres.

Sulfo-NHS-LC-LC-biotin (4.8 mg, Pierce) was directly added to

the suspension of hydrazide-containing bifunctional nanospheres

(0.5 mL, 20 mg/mL in PBS) embedded with green quantum dots,

followed by a 3 h reaction with shaking at room temperature and

subsequent washing for ten times with PBS to produce trifunc-

tional nanospheres with surface biotin (Scheme 1B). To assess the

bioactivity of biotin on their surface, streptavidin-phycoerythrin

(10 mL, Sigma) was added to trifunctional biotin-nanospheres

(0.2 mL) and incubated for 1 h at room temperature with gentle

shaking, followed by thorough washing with PBS. Analysis of

phycoerythrin fluorescence demonstrated streptavidin-binding to

the surface of the biotin-nanospheres (see Supplementary

Information Figs. SI-2A and SI-2B), while the binding did not

take place with nanospheres coupled with unmodified biotin

(see Fig. SI-2C) or between bifunctional nanospheres without

biotin coupling and streptavidin-phycoerythrin (see Fig. SI-2D).

To validate the potential uses of the trifunctional nanospheres in

biomedical fields, we investigated their suitability in visual

gathering and isolation of apoptotic Hela cells. Apoptosis, or

programmed cell death, is a normal component of the develop-

ment and homostasis of multicellular organisms. Excessive

apoptosis occurs in disease states including AIDS, chronic

hepatitis, and transplant rejection.12 On the other hand, tumor

growth is often associated with insufficient apoptosis. In vivo

imaging of apoptosis induction would be extremely useful in

monitoring the effects of chemotherapeutic drugs, antihormonal

therapeutics, or antiangiogenic therapies.13 Hence, development of

methods for sorting and manipulation of apoptotic cells is very

important for the investigation of pathological processes involving

apoptosis. For this purpose, we made use of the covalent complex

annexin V-biotin, where the annexin V group can recognize the

phosphatidylserine on the surface of early apoptotic cells while the

biotin group can bind to the avidin on our avidin-conjugated

nanospheres, to link the nanospheres to the apoptotic cells for

visualization and isolation of apoptotic cells.

Apoptotic Hela cells (1 6 106) induced by UV-irradiation

(8 min, 20 W) were first collected by centrifugation at

approximately 1000 g for 5–10 min at room temperature. Then,

the cells were washed three times with cold 1 6 PBS and

incubated with annexin V-biotin (0.1 mg/100 mL) for 15 min at

room temperature. The cells were subsequently washed again,

mixed with trifunctional avidin-nanospheres (0.2 mL, 20 mg/mL),

and incubated for 30 min at room temperature. Apoptotic cells

were isolated with a magnet (Scheme 2) and visualized by

fluorescence microscopy based on the intrinsic fluorescence of

the nanospheres (Fig. 2).

In summary, the combination of fluorescent and magnetic

properties with specific bioselective surface functional groups

should greatly extend the potential bioapplications of the nano-

spheres. We have shown here that it is possible to generate such

nanospheres and demonstrated that they can be used to develop

Fig. 1 The trifunctional anti-rabbit IgG-nanospheres bind to rabbit anti-

human IgG-FITC. The trifunctional nanospheres were mixed with rabbit

anti-human IgG-FITC. After washing off unbound rabbit anti-human

IgG-FITC, the nanospheres were irradiated for about 20 min with a Hg-

lamp to excite the complex of trifunctional IgG-nanospheres–rabbit anti-

human IgG-FITC (A). The strong green colour indicates the binding of

rabbit anti-human IgG-FITC. After FITC was photobleached, the

complex returned to the orange-red colour of the nanospheres themselves

(B). Control experiments: No green fluorescence (from FITC) except the

orange-red fluorescence of the nanospheres themselves was seen when the

nanospheres were coupled with IgG without oxidation (thus no coupling

of anti-rabbit IgG to the nanosphere) (C) or when the bifunctional

nanospheres were used in the binding reaction with rabbit anti-human

IgG-FITC directly (D).

Scheme 2 Visual gathering and isolation of apoptotic Hela cells.
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novel methods for isolation and/or detection of apoptotic cells.

Clearly, they can be used in many other applications. For example,

the trifunctional nanospheres with anti-rabbit IgG on the surface

could potentially be used for detection of any molecules bound by

rabbit antibodies and for sorting/isolation of cells/organelles

recognized by specific rabbit antibodies by using both the magnetic

and fluorescent properties of the particles (thus improving the

purity of the isolated/sorted materials due to double isolation/

sorting procedures), etc. In addition, it is easy with an essentially

identical approach to couple antibodies against specific proteins or

targeting agents to the surface of the bifunctional nanospheres for

detection and/or isolation. Furthermore, one can couple two

different functional groups, e.g., antibody and biotin or avidin, to

improve/enhance the use of nanospheres in such and other

applications such as MR-imaging, isolation and sorting of different

normal or cancer cells for molecular and genetic analyses, clinical

diagnosis, or even simply for studying cell surface interactions and

signalling processes, etc. Finally, we can envisage the synthesis and

application of bifunctional nanospheres embedded with different

quantum dots (thus yielding different colours of fluorescence),

incorporated with different biorecognition molecules in high

throughput detection and isolation of multiple target materials.

Thus, with the approaches described here or similar ones, we

believe that biofunctionalization of bifunctional nanospheres

opens a way for the fabrication of truly smart bioprobes

and biosensors, thereby greatly extending the usefulness of

nanospheres.
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Fig. 2 Microscopic images of apoptotic Hela cells captured by trifunc-

tional avidin-nanospheres in the presence of annexin V-biotin (A, B).

Control experiments: (C, D) Hela cells without UV treatment incubated

first with annexin V-biotin and then trifunctional avidin-nanospheres; (E,

F) apoptotic Hela cells incubated first with annexin V-biotin and then with

bifunctional nanospheres without coupled avidin. (A) Bright field,

apoptotic Hela cells with nanospheres on their surface shown in the white

circle region. (B) Fluorescence image: fluorescence came from green

quantum dots. (C, D, E, F) No nanospheres (green) were found on cells

when Hela cells without UV irradiation or bifunctional nanospheres

without coupled avidin were used.
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