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Abstract

Manipulating biochemical reactions in living cells to synthesize nanomaterials is an attractive

strategy to realize their synthesis that cannot take place in nature. Yeast cells have been skillfully

utilized to produce desired nanoparticles through spatiotemporal coupling of intracellular

nonrelated biochemical reaction pathways for formation of fluorescent CdSe quantum dots. Here,

we have successfully transformed Staphylococcus aureus cells into cellular beacons (fluorescing

cells), all of which are highly fluorescent and photostable with perfect uniformity. Importantly, on

the basis of such cells, we efficiently fabricated fluorescent nanobioprobes by a specific

interaction between the protein A expressed on the S. aureus surface and the Fc fragment domain

of antibodies, avoiding the use of other common methods for cell surface modifications, such as

molecular covalent connection or more difficult genetic and metabolic engineering. Coupled with

immunomagnetic beads, the resulting fluorescent-biotargeting bifunctional cells, i.e., biotargeting

cellular beacons, can be employed as nanobioprobes for detection of viruses, bacteria, and tumor

cells. With this method, H9N2 AIV can be detected specifically with a limit of 8.94 ng/mL (based

on protein content). Furthermore, diverse probes for detection of different pathogens or for other

biomedical applications can be easily obtained by simply changing the antibody conjugated to the

cell surface.
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In recent years, the biosynthesis of nano-materials by using organisms has attracted a lot of

attention due to the need to develop clean, nontoxic, and eco-friendly sustainable “green

chemistry” engineering. Organisms are highly organized systems with a sophisticated level

of molecular control over the biosynthesis of inorganic materials. Numerous organisms have

been employed to synthesize inorganic nanomaterials.1–5 Despite tremendous progress made

in this area, it is still challenging to produce high-quality luminescent nano-particles by

using organisms, and it is even more difficult to conveniently utilize the intracellular

fluorescence function for biomedical applications.3,6,7 It is laborious and time-consuming to

isolate the luminescent nanoparticles from the organism.8 In addition, even after successful

isolation, such nanocrystals need to be further engineered with targeting ligands through

complicated processes for further applications. Often, these processes can reduce the

targeting capabilities of the ligand,9 cause nonspecific binding,10,11 and even induce the

aggregation of nanoparticles.11–13 Moreover, the activity of biomolecules may be affected

after coupling to the nanoparticles.14 Thus, there is an urgent need for a simple and efficient

method to generate and use the intracellular fluorescence from nanomaterials.

In our previous work, by the “space–time coupling strategy”, i.e., by temporally and

spatially collaborative coupling of intracellular glutathione reductase-involved selenium-

(IV) reduction reactions with nonrelated intracellular Cd(II) detoxification, the cadmium

precursor formed by Cd(II) detoxification can react with low-valence organoselenium

resulting from selenium(IV) reductions to yield color-tunable fluorescent CdSe quantum

dots in living yeast cells, which can never occur in live cells in nature.1

Here, our aim is to transform Staphylococcus aureus into cellular beacons by using a

“space–time coupling strategy”, which can then be used to fabricate fluorescent

nanobioprobes via a specific interaction between protein A expressed on the S. aureus

surface and the Fc region of antibodies against specific targets of interest (Figure 1a).15–17

The space–time coupling strategy involves first the co-incubation of Na2SeO3 and S. aureus

cells at the stationary phase to reduce Na2SeO3 to organoselenium compounds such as

selenocysteine and then the addition of CdCl2 into the seleniumized cell culture at an

appropriate time, such that intracellular detoxification of a Cd2+-forming Cd precursor can

react precisely with the intracellularly reduced selenium and endogenous biomolecules

containing mercapto groups to create CdS0.5Se0.5 at the right place. By using this strategy,

cells that are internally labeled with fluores-cent quantum dots (QDs) can be obtained via

facile chemical handling and rational utilization of intracellular biochemical processes. We

refer to such cells as cellular beacons due to their fluorescence-enabled easy detection. The

resulting cellular beacons have outstanding photostability, high luminance, good

monodispersity, and perfect uniformity. Furthermore, protein A endogenously expressed on

the surface of S. aureus can be utilized as a natural capture probe capable of binding the Fc

region of antibodies. Thus, just by mixing the cellular beacons with monoclonal antibodies

(mAbs) and simply centrifuging to remove excess antibodies, fluorescent S. aureus can
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effectively conjugate with mAbs to produce biotargeting fluores-cent cells without any

additional fabrications. Coupled with immunomagnetic beads,18–22 the resulting bio-

targeting fluorescent cells, namely, biotargeting cellular beacons (here referred to as

nanobioprobes), can be used for detection of viruses, bacteria, tumor cells, etc. (Figure 1b).

Such bioprobes can potentially be used generally for detection of different kinds of

pathogens just by changing the antibody conjugated to the cell surface.

RESULTS AND DISCUSSION

Optical Properties of the Cellular Beacons

When we co-incubated seleniumized cells with CdCl2 for 12 h, the cells displayed unique

yellow fluorescence internally, while no fluorescence appeared from the control cells

(Figure 2a–d). The cellular beacons showed good dispersibility and strong intracellular

fluorescence (Figure 2b,e). The average hydrodynamic diameter of the cellular beacons was

measured to be about 800.7 nm with a PDI (polydispersity index) of 0.082, suggesting that

the cellular beacons were well-mono-dispersed with perfectly uniform sizes (Figure 2f).

To determine the intracellular fluorescence intensity distribution pattern, the fluorescence

intensity of 500 individual cells was analyzed by using IPP software. The results (Figure 2g)

showed that the fluorescence intensity of the cellular beacons was strong and perfectly

uniform. Importantly, essentially 100% of the cells were fluorescent (Figure S1), indicating

the high efficiency to transform cells into cellular beacons under our conditions.

Furthermore, we investigated the average fluorescence intensity of the cellular beacons

under different conditions: without treatment, stored at 4 °C for two months, incubated in a

65 °C water bath for 30 min, or incubated in a 65 °C water bath for 30 min after storing at 4

°C for two months, respectively. The fluorescence images, e.g., Figure 3a–d, were used to

determine the mean fluorescence intensity value by using IPP software. The results showed

that there were no obvious differences among the fluorescing cells under different

conditions (Figure 3e). These results demonstrated that the cellular beacons had the proper

size and shape, uniformity of fluorescence intensity, outstanding photostability, and high

luminance, making them good photoluminescence reporters for potential biomedical

applications.

Characterization of the Intracellularly Fluorescent QDs

The presence of strong fluorescence in the cells above was consistent with our intention to

biosynthesize CdS0.5Se0.5 QDs intracellularly. To characterize the QDs formed

intracellularly, high-performance liquid chromatography coupled with inductively coupled

plasma mass spectrometry (HPLC-ICP-MS) was used to determine the intermediate of the

formation of the QDs in the cells. We found that the component of organoselenium

compound was selenocystine ((Se-Cys)2) (Figure 4), which was similar to our previous

report.1,8

The photoluminescence emission peak of fluores-cent nanocrystals isolated from the cells

was at 520 nm with excellent photostability (Supplementary Note 2 and Figures S2, S3).

TEM images (Figure 5a) of the isolated QDs revealed well-monodispersed nanocrystals with

a diameter of 1.8 ± 0.5 nm (Figure 5b). These particles remained monodisperse, uniform in
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size, and very stable for more than two months without aggregation and precipitation. The

long-term stability of the nanoparticle solution could be due to the presence of the capping

protein/peptide in the cells that were bound to the surface of the nanoparticles prior to

isolation and prevented their flocculation.

Energy-dispersive X-ray (EDX) analysis of the QDs isolated from the cells (Figure S4b)

showed that the products consisted of elements Cd, S, and Se. The HRTEM image of the

isolated QDs (Figure 5c) and the in situ HRTEM image of intracellular QDs (Figure 5d)

showed that the lattice spacing (ca. 0.19 nm) agreed with the distance of the adjacent facet

(103) of CdS0.52Se0.48. XRD results (Figure 5e) of the nanocrystals showed that all

characteristic peaks matched well with the main peaks of standard CdS0.52Se0.48 (JCPDS

Card No. 49-1460), although the diffraction peaks were wide, likely due to the low

crystallinity of small-sized particles. Furthermore, when the isolated nanoparticles were

subjected to atomic composition determination by using ICP-AES, the results showed that

the molar ratio of elements Cd to S to Se was about 1:0.5:0.5 (Supplementary Note 2 and

Table S1). These results thus suggested that the nanocrystals synthesized in live S. aureus

were CdS0.5Se0.5.

Fluorescent-Biotargeting Cells as Probes for Virus Detection Coupled with
Immunomagnetic Beads

Given the superior properties of the fluorescing cells as described above, we reasoned that

such cells might be easily used as cellular beacons in various biomedical applications. It is

well known that protein A is a cell-wall-associated protein endogenously expressed on the

surface of S. aureus and can bind with strong specificity and affinity to the Fc fragment

through the consensus sequence (Asn-Gln-Phe-Asn-Lys-Glu).17 Thus, monoclonal

antibodies can be directly immobilized on the protein A endogenously expressed on the S.

aureus surface. To test this possibility, the cellular beacons were treated with a 65 °C water

bath for 30 min to inactivate the cells and then incubated with rabbit anti-mouse IgG

conjugated with Cy3. The fluorescent microscopic images of the resulting cells (Figure S5,

Supplementary Note 3) showed that no red fluorescence was detected in the negative control

samples (i.e., adding Cy3 alone), while the IgG conjugated with Cy3-treated samples had

strong fluorescence, indicating that the rabbit anti-mouse IgG was bound to the bacteria.

Thus, S. aureus can be effectively conjugated with mAbs at their surfaces to form

biotargeting cells without any other modifications, avoiding the use of other common

methods for cell surface modifications, such as molecular covalent connection or more

difficult genetic and metabolic engineering.23–25

To generate the bioprobes with our cellular beacons, we thus can simply mix S. aureus cells

with the mAbs against specific biotargets and remove the excess mAbs by simply using

centrifugation. Early studies have estimated that there are ~80 000 binding sites, i.e., protein

A units, on the cell wall of an S. aureus upon which IgG can anchor,26 making it easy to

label the cellular beacons with mAbs. To investigate the possible use of our cellular beacons

as bioprobes for detection, we attached mAbs against a specific virus to the cells as the

nanobioprobes and the magnetic beads coupled with the same mAbs for immunomagnetic

capture of the virus.
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Type A influenza virus from avian influenza virus (AIV) has caused several worldwide

outbreaks of influenza-like illness in the recent decade.27 With the increasing concerns of an

influenza-like illness caused by avian influenza A viruses, there is an urgent need for easy

detection of the virus. We first used H9N2 AIV as a model virus. There are two viral

proteins, hemagglutinin (HA) and neuraminidase (NA), expressed on the virus surface.

Thus, we first conjugated superparamagnetic beads with monoclonal anti-HA antibody to

recognize the surface protein HA of H9N2 AIV for the immunomagnetic capture of viruses.

To determine whether the mAbs were effectively conjugated to the beads, we monitored the

average hydrodynamic diameters of the beads before and after modification with the mAbs.

As shown in Figure S6 (Supplementary Note 4), after the addition of the mAbs, the average

hydrodynamic diameters increased from 503.8 nm to 657.3 nm, consistent with efficient

coupling of the mAbs to the beads. Moreover, we used FITC-labeled goat anti-mouse IgG to

demonstrate that the anti-HA antibody was conjugated to the beads. As shown in Figure

S7b, the green fluorescence of FITC on the anti-HA beads was obvious compared to the

control beads with no green fluorescence due to the binding of anti-HA antibody to the goat

anti-mouse IgG-FITC (Supplementary Note 4 and Figure S7). In addition, when the

conjugated beads were mixed with viruses and analyzed microscopically by TEM (Figure

6k), the virions were found to be intact and an immunomagnetic bead had more than one

specific binding site for the virions. Thus, mAb-bound beads could be easily generated to

capture the H9N2 AIV. Similarly, we generated the mAb-bound fluorescent bioprobes by

adding mAbs to the cellular beacons.

For virus detection, the viruses captured by the immunomagnetic beads were mixed with

nanobiop-robes. The resulting complex was carefully collected with a magnetic separator

and washed thoroughly, transferred to a glass slide, and imaged with a microscope. As

shown in Figure 6, when beads–H9N2 virus complexes were mixed with the bioprobes, the

apparent formation of the beads–virus–bioprobes complexes was observed (Figure 6a,b).

The merged image of the bright and fluorescence fields (Figure 6c) showed that the virus

acted as the bridge between the beads and bioprobes (note that no fluorescence was

observed around some magnetic beads, because the excess of the beads without capture of

H9N2 virus cannot bind to biotargeting cellular beacons). In contrast, the negative control

samples (inactive H1N1 virus, NDV, PRV, baculovirus), whose concentrations were 100

times as high as the concentration of H9N2 AIV, or a blank solution had no fluorescent

complex (Figure 6d,e,g,h; images of the negative control with NDV, PRV, and baculovirus

are shown in Figure S8, where no fluorescence was observed), supporting the high

specificity of this method.22 Furthermore, based on the fact that more than 99% of the

cellular beacons uniformly shine (see above), the number of fluorescence dots in the

complexes could be used as a measure of the number of biotargeting cellular beacons bound

to the magnetic beads. Using 20 randomly chosen fields, we determined the number of

fluorescent dots in the virus sample and the controls and found that the binding of the

bioprobe to the virus was highly specific (Figure 6j). TEM analysis showed that the

biotargeting cellular beacons were attached onto the virus conjugated to the

immunomagnetic beads, forming a sandwich immunocomplex (Figure 6l), again supporting

the specific capture of the virus by the beads and specific detection of the virus by the

bioprobes.
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To determine whether our approach allows quantitative detection of the virus, we used

decreasing concentrations of the target virus for the assay and found that the number of

fluorescent dots and the degree of formation of sandwich immunocomplexes decreased

gradually (Figure 6m–q), indicating that the probe binding was dependent upon the

concentrations of the virus. Detection limit is an assessment of the sensitivity of the method

and is defined as virus concentration at which the average number of fluorescent dots in

each field was equivalent to the average number of the blank control plus three times the

standard deviations. Quantitative analysis showed that there was a small quantity of

fluorescent dots in the blank control sample, which was likely due to the nonspecific

adsorption caused by the electrostatic interaction between capping molecules on the surface

of cells and biomolecules in this polydispersity system (Figure 6r).21 Importantly, we found

that the detection limit of this method was as low as 8.94 ng/mL (based on protein content),

which was similar to the human enterovirus 71 (EV71) detection.28 Thus, not only is our

method of using biotargeting cellular beacons as nanobioprobes applied to virus detection as

sensitive as the available detection method, but also the approach is much simpler and more

convenient.

A major breakthrough in our approach is the direct use of a whole microorganism self-

synthesizing fluorescent QDs as a fluorescence tracking unit of bioprobes for biodetection.

Compared with common QD-based fluorescent probes, our fluorescent nanobioprobes have

the following advantages. First, our fluorescent probes are monodisperse with perfectly

uniform sizes, high luminance, and photostability. Second, our bioprobes are highly

accurate, reliable, and repeatable. Common fluorescent probe construction involves multiple

process steps such as synthesis of colloidal QDs, water-solubilization of QDs, and their

functionlization with biotargeting molecules, which are easily affected by the proficiency

and subjectivity of researchers. Our method, based on a new strategy for one-step

preparation of fluorescent bioprobes, is time- and labor-saving and cost-effective, with high

sensitivity and good specificity. As known, nanocrystals cannot be applied in biology and

medicine until they are further conjugated to biotargeting ligands through complicated

process steps. However, it is usually difficult to control such conjugation, which often leads

to an excess of ligands on the surface of the nanoparticles, causing nonspecific binding and

aggregation of the nanoparticles. Thus, the targeting capabilities of the ligands will also

decrease. Nevertheless, our new approach is versatile and can be even easily adapted to

construct nanobioprobes for detection of a variety of species. For example, we demonstrated

that, using different antibodies attached to the cellular beacons, pseudorabies virus (PRV),

baculovirus, Salmonella typhimurium bacteria, and SK-BR-3 cells can be successfully

detected (more details in Supplementary Note 6 and Figures S9 – S13). Thus, this strategy

can be easily used as a general method for detection of different pathogens by simply and

easily changing the conjugated antibodies.

CONCLUSIONS

In summary, we have successfully transformed S. aureus into cellular beacons by a space–

time coupling strategy. The resulting cellular beacons have outstanding photostability, high

luminance efficiency, and perfect uniformity and can be directly and easily conjugated to

mAbs based on specific interaction between the protein A expressed on the cell surface and
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the Fc region of antibodies to generate fluores-cent-biotargeting bifunctional probes. Such

probes can be used for virus detection in an easy user-friendly approach when used in

combination with immuno-magnetic beads for virus capture. With this method, H9N2 AIV

can be detected specifically with a limit of 8.94 ng/mL. Such new bioprobes can be extended

to detect other pathogens, such as pseudorabies virus, baculovirus, Salmonella typhimurium

bacteria, and SKBR-3 cells, just by changing the antibodies conjugated to the cells. Our

cellular beacons offer several distinct advantages over other QD-based detection systems.

These include easy attachment of biotargeting molecules due to the presence of surface

protein A, high efficiency (essentially 100%) in transforming the cells into fluorescent

beacons, perfectly uniform QD levels in individual beacons, and superior properties (highly

stable and monodispersible). Just with the help of a magnet and a fluorescence microscope,

such a simple, sensitive, but specific approach can become a general platform for detection

of pathogens and other biotargets.

METHODS

Transforming Cells into Fluorescent Nanobioprobes

S. aureus (CCTCC AB91093) was provided by the Chinese Center for Type Culture

Collections of Wuhan University (Wuhan, PR China). The S. aureus was cultured for 12 h

with LB broth (yeast extract 5 g/L, tryptone 10 g/L, NaCl 5 g/L) at 37 °C to ensure that the

cells were in the stationary phase. The cells were incubated with Na2SeO3 (final

concentration: 5 mM) for 12 h and then harvested by centrifugation at 4000 rpm for 5 min,

followed by transferring them back into fresh LB broth. CdCl2 (final concentration: 1 mM)

was added to the medium, and the cells were cultured for 12 h to obtain the cellular beacons

due to the formation of intracellular fluorescent CdS0.5Se0.5 QDs.

The cellular beacons were harvested by centrifuging at 4000 rpm for 5 min, washed three

times with Tris-HCl buffer (pH 8.0, 0.1 M), and then resuspended in the same Tris-HCl

buffer. The cellular beacons with an OD of 1.5 were heated in a 65 °C water bath for 30

min, a condition that allows the entrance of the cells into a nonculturable state (no colony

formation when such treated cells were plated in the LB agar plate).29–31 The cellular

beacons were then bound with Abs as follows: The cellular beacons with an OD of 1.5 (a

final volume of 100 μL) were incubated with 2 μL of mouse monoclonal anti-HA antibody

(0.59 mg/mL) for 3 h at 37 °C with shaking at 150 rpm. The mAb-bound cells were

harvested by centrifugation at 4000 rpm for 5 min, washed three times with 100 μL of Tris-

HCl buffer, blocked with 1% BSA (w/v) for 30 min at 37 °C, and washed with Tris-HCl

buffer again. Finally, the cells were dispersed in 100 μL of Tris-HCl buffer. The resulting S.

aureus thus became fluorescent-biotargeting bifunctional probes for HA targets.

Separation of Seleno Compounds and Characterization of Intracellular Reduced Selenium
Species

A single S. aureus colony was picked from the agar plate and precultured in 100 mL of LB

broth for 12 h at 37 °C. Then cells (1 mL) were diluted 100 times into 99 mL of fresh media

and cultured for another 12 h at 37 °C. After that, the cells were incubated with Na2SeO3

(final concentration: 5 mM) for 12 h to obtain the seleniumized cells. The cells were
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harvested, washed three times with ultrapure water to exclude the culture medium, and wet

weighed prior to enzymatic extraction. After 2 mL of ultrapure water was added into 1 g of

the wet weighed sample, the sample was ultrasonicated at 500 W, 75 times a circle, 2 s per

time, 2 s intervals each time. Finally the extracted samples were centrifuged at 12 000 rpm

for 30 min, and the upper aqueous phase was collected. Trypsin (250 μg/mL) from bovine

pancreas (Sigma) and 0.1% (w/v) SDS (final concentration) were added to the samples for

digestion. After digestion for 8 h at 37 °C, the samples were filtered with MILLEX GP

filters (unit 0.22 μm).

A 100 μL amount of each sample was analyzed on an HPLC system equipped with LC-6AD

high-pressure pumps and an SPD-20A UV spectrometry detector (Shimadzu, Japan) for

chromatographic separation with a Superdex 200 10/300 GL gel filtration column (13 μm,

10 × 300 mm, GE Healthcare, Amersham Biosciences), operating at a mobile phase flow

rate of 0.5 mL/min and column temperature of 30 °C. The mobile phase consisted of 0.05 M

phosphate buffer (NaH2PO4 Na2HPO4, pH 7.2). The detection wavelengths were 254 and

280 nm. The fraction from 35 to 47 min and that from 47.01 to 55 min were collected

separately and were injected into HPLC-ICP-MS for further chromatographic separation by

using an HPLC system (Shimadzu, Japan) equipped with a high-pressure liquid

chromatographic pump (LC-10AD, Japan) and C18 chromatographic column (Shim-pack

CLC, 5 μm, 4.6 mm × 150 mm, Japan) (Figure S3). An Agilent 7500a ICP-MS (Agilent,

USA) was used for online element-specific detection. The mobile phase consisted of 0.02 M

COONH4 (pH 3.0). Selenium standards, D,L-selenomethionine (>99%), Se-methylseleno-L-

cysteine (98%), and L-selenocystine (97%), were purchased from Acros Organics, USA,

J&K Scientific Ltd., and Sigma-Aldrich, respectively. Standard stock solutions (100 μg/mL

as Se) were prepared by dissolving each of them in ultrapure water, except for L-

selenocystine, with 0.1 M HCl.

Characterization of the Cellular Beacons

The fluorescing cells were harvested by centrifugation at 4000 rpm for 5 min, then washed

three times with Tris-HCl (pH 8.0, 0.1 M) and redispersed in the Tris-HCl buffer (pH 8.0,

0.1 M). The fluorescence images were obtained with a Nikon microscope (TE 2000-U,

Nikon Corp, 100× objective, Canada) equipped with a charge-coupled device (RETIGA

2000R, Qimaging Corp, Canada). The images were analyzed with the Image-Pro Plus 6.0

software (Media Cybernetics, USA).

In situ high-resolution transmission electron microscopy (HRTEM) images were obtained

by using a JEM-2010 FEE (UHR) microscope with an acceleration voltage of 200 kV. The

cellular beacons were harvested by centrifugation at 4000 rpm for 5 min, washed three times

with ultrapure water (18.2 MΩ 3 cm, Millipore, Molsheim, France), and then resuspended in

ultra-pure water. The HRTEM samples were prepared by drying the ultrapure water

dispersion of the fluorescing cells on a copper grid coated with ultrathin carbon film. In situ

energy-dispersive X-ray data of cellular beacons were obtained by using a JEM-2010 FEE

(UHR) microscope equipped with EDX spectrometry (EDAX Inc.).

One gram (wet weight) of the cellular beacons was resus-pended in 20 mL of Tris-HCl

buffer (pH 8.0, 0.01 M). The fluorescing cells were lysed with a Vibra-Cell ultrasonic
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processor (model no. VC 505, Sonics & Materials. Inc., CT, USA). The parameters of

operation were designed as follows: TIMER, 20 min; PULSER ON, 2 s; PULSER OFF, 2 s;

AMPL, 50%. The lysed cells were centrifuged at 12 000 rpm for 5 min, and the super-natant

was collected. The supernatant was centrifuged at 12 000 rpm for 15 min and collected

again, and the procedure was repeated once more. Finally, the samples were purified with

the Amicon centrifugal filter unit (MWCO 10 kDa) to remove free small substances and

resuspended in 400 μL of ultrapure water. The samples were then filtered with MILLEX GP

filters (unit 0.22 μm).

The transmission electron microscopy (TEM) and high-resolution transmission electron

microscopy images of isolated CdS0.5Se0.5 QDs were obtained with the same microscope as

above-mentioned. The samples were purified with a gel electrophoresis apparatus (Beijing

Liu Yi instrument factory, DYY-III-88) by using a 1% (w/v) agarose gel in Na2CO3–

NaHCO3 buffer (5 × 10 −3 M, pH 10.0). For each well, 70 μL of a sample was mixed with

20 μL of loading buffer (Na2CO3–NaHCO3, 20% (v/v) glycerol at pH 10.0) before loading

into the gel. The electrophoresis was run at 100 V, 35 mA for 40 min. Then fluorescent

Gershgorin band of the gel was cut out and placed into a dialysis bag with a molecular

weight cutoff of 3 kDa (MWCO 3 kDa). The bag was then placed into the electrophoresis

chamber for 20 min at 100 V, 35 mA, to extract the product from the gel. The sample was

collected and ultrafiltered as above. The purified samples for TEM and HRTEM were

prepared by dropping 10 μL of each sample onto ultrathin-carbon-coated copper grids and

allowing it to dry. The X-ray powder diffraction (XRD) pattern was obtained with a Bruker

AXS D8 Advance X-ray diffractometer. Samples of isolated fluorescent quantum dots from

cells were dropped onto the slide and allowed to dry as a uniform thin film.

Preparation of Immunomagnetic Beads with mAb-HA

The Super-paramagnetic Carboxyl-Adembeads (500 nm diameter) were obtained from

Ademtech SA (Pessac, France); N-(3-(dimethylamino)propyl)-N′-ethylcarbodiimide

hydrochloride (EDC) and N-hydroxysuccinimide (NHS) were purchased from Sigma. The

monoclonal anti-HA antibody was obtained from Sino Biological Inc. The

superparamagnetic beads with carboxyl groups were functionalized with Abs as follows:

First, 10 μL of 50 mg/mL superparamagnetic beads was washed three times with a

phosphate buffer (PB, 0.1 M, pH = 7.2). Then, 50 mM EDC and 50 mM NHS dissolved in

MES buffer (0.1 M MES, 0.15 M NaCl, pH = 6.5) were added into the superparamagnetic

beads (a final volume of 800 μL) to activate carboxyl groups for 30 min at 37 °C with

shaking at 150 rpm. After that, the activated superpara-magnetic beads were washed three

times with PB buffer (pH 7.2, 0.1 M). Second, 16 μL of monoclonal anti-HA antibody (0.59

mg/mL) was added onto the activated superparamagnetic beads and adjusted with PB buffer

(pH 7.2, 0.1 M) to 400 μL. Then, the mAbs and activated superparamagnetic beads were

incubated for 4 h at 37 °C with shaking at 150 rpm. Unbound mAb was removed by washing

three times with PB buffer (pH 7.2, 0.1 M), and the immunomagnetic beads were kept in

400 μL of PB buffer (pH 7.2, 0.1 M) containing 1% (w/v) BSA and 0.05% (w/v) NaN3 at 4

°C for further use.
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Protocol for Target Virus Detection

H9N2 AIV, the inactivated H1N1 AIV, the inactivated NDV, pseudorabies virus, and

baculovirus were obtained from Wuhan Institute of Virology, Chinese Academy of

Sciences. The virus was quantitated by using a protein quantification method.28,32 A 50 μL

amount of 1.25 mg/mL immunomagnetic beads (Superparamagnetic Carboxyl-Adembeads,

500 nm diameter, were attached to anti-HA antibody against a specific H9N2 virus; the

conjugation process of the immunomagnetic beads is described in detail in Preparation of

Immunomagnetic Beads with mAb-HA) was washed three times with 0.01 M PBS (pH 7.2);

then a H9N2 sample of 1.75 × 104 ng/mL was added into the immunomagnetic beads in 0.01

M PBS (pH 7.2, a final volume of 100 μL), and the mixture were incubated for 30 min at 37

°C with shaking at 150 rpm. The bead–virus composites were collected with a magnetic

separator (Invitrogen), and washed three times with the same PBS buffer. The mAb-bound

cells with an OD of 1.5 resuspended in Tris-HCl (pH 8.0, 0.1 M) were added into the bead–

virus complex (a final volume of 100 μL) and then incubated for 30 min at 37 °C with

shaking at 150 rpm. After washing five times with the same Tris-HCl solution by using the

magnetic separator, the bead–virus–cell complexes were resuspended in 10 μL of the same

Tris-HCl solution. Five control experiments were also performed: the four control

experiments by using several other viruses (inactive H1N1, NDV, PRV, and baculovirus)

were used as negative controls, and another control experiment without any virus was used

as the blank control. The concentrations of the negative control virus were 100 times as high

as that of H9N2 AIV. In this experiment, 20 fields were also chosen randomly to count the

total number of fluorescent dots, and then the average number of fluorescence dots in each

field was calculated as the result of this experiment. For quantitative detection of the virus,

experiments at each concentration were repeated three times, while the control experiment

was repeated seven times. Transmission electron microscopy images were obtained by using

a FEI Tecnai G2 20 TWIN. The TEM images of bead–virus composites were obtained with

a Hitachi H-7000FA electron microscope. The TEM images of the samples were negatively

stained in the phosphotungstic acid for 2 min.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Schematic illustration for the generation and use of nanobioprobes. (a) Fabrication of

bioprobes. Space–time coupling strategy coupled intercellular biochemical processes in the

natural systems including reduction of Na2SeO3 and detoxification of Cd2+ inside the cell.

The first step is the cellular reduction of Na2SeO3 leading to the accumulation of

selenocysteine, which is the precursor for CdS0.5Se0.5 QDs. The S element for the formation

of CdS0.5Se0.5 QDs comes from endogenous biomolecules. The second step is treatment of

seleniumized cells with CdCl2 for 12 h, which allows the synthesis of the fluorescent

CdS0.5Se0.5 QDs to form cellular beacons. As protein A is a cell-wall-associated protein

expressed on the S. aureus surface, which can specifically bind to the Fc fragment domain of

immunolglobulins, just by mixing such cellular beacons with mAbs, the cells could

effectively conjugate with mAbs to form biotargeting cellular beacons without any

additional modification. (b) Using biotargeting cellular beacons (fluorescent-biotargeting

bifunctional cells) as bioprobes for pathogen detection. The bioprobes and magnetic beads

coupled with the same mAbs for a specific virus as described in the text can be used together

for the detection of viruses with the mAb-bound magnetic beads used for isolation to enrich

the virus and the probes used for detection as diagrammed.
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Figure 2.
Characterization of cellular beacons. (a, b) Bright and fluorescent field images of cellular

beacons (i.e., cultured with Na2SeO3 and CdCl2), respectively. (c, d) Corresponding images

for the control of cells cultured neither with Na2SeO3 nor CdCl2. (e) Enlarged panel of the

boxed region in (b), showing perfectly uniform size and strong fluorescence of the

individual cells. (f) Histogram showing the size distribution of cellular beacons, with the

average hydrodynamic diameter of the cellular beacons at about 800.7 nm with a PDI of

0.082. (g) Histogram showing the fluorescence intensity distribution of the cellular beacons

based on the measurement of the intensity of 500 individual cells in a fluorescence image.
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Figure 3.
Photostability of the cellular beacons under different conditions. The fluorescing cells

without treatment (a), stored at 4 °C for two months (b), incubated in a 65 °C water bath for

30 min (c), or incubated in a 65 °C water bath for 30 min after placing at 4 °C for two

months (d). (e) Mean fluorescence intensity values of the images analyzed by IPP software.
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Figure 4.
Characterization of intracellular reduced selenium species. HPLC-ICP-MS chromatograms

of selenium species standards containing L-selenocystine (Se-Cys)2, Se-methylseleno-L-

cysteine (SeMC), and D,L-selenomethionine (Se-Met) (a) and selenoamino acids isolated

from the seleniumized cells (b) and the control cells untreated with Na2SeO3 (c).

Xiong et al. Page 16

ACS Nano. Author manuscript; available in PMC 2015 May 27.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 5.
In situ HRTEM for intracellular CdS0.5Se0.5 QDs and the characterization of the isolated

CdS0.5Se0.5 QDs from the cellular beacons. (a) TEM image of monodispersed isolated

CdS0.5Se0.5 QDs. (b) Size distribution histogram of the isolated CdS0.5Se0.5 QDs, with the

median diameter of 1.8 ± 0.5 nm. (c) HRTEM image of the isolated CdS0.5Se0.5 QDs. (d) In

situ HRTEM image of intracellular CdS0.5Se0.5 QDs. (e) XRD patterns of CdS0.5Se0.5 QDs.

The lines under the spectrum represent the JCPDS pattern for CdS0.52Se0.48.
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Figure 6.
Fluorescent-biotargeting cells are very specific for the desired target. TEM images of

fluorescent-biotargeting cells as probes for virus detection and bead–virus composites. The

binding of the bioprobe to the immunomagnetic beads is proportional to H9N2 AIV

concentrations. The concentration of H9N2 AIV is 1.75 × 104 ng/mL, while the

concentrations of the negative control virus were 100 times as high as that of H9N2 AIV.

The fluorescence images of H9N2 AIV sample (b), control sample H1N1 (e), and blank

sample (h). Bright fields from the corresponding areas of H9N2 sample (a), H1N1 sample

(d), and buffer blank (g), respectively. The merging of a and b (c), d and e (f), and g and h

(i). (j) Histogram showing the amount of fluorescent probes bound to the positive sample

(H9N2 AIV) and controls (inactive H1N1, NDV, baculovirus, PRV, and blank). (k) The

bead–virus composites were negatively stained with phosphotungstic acid for TEM

observation. The blackish round spots are the beads, while the smaller spots are

characteristic of virion morphology around the beads, which showed the virons. (l) TEM

image of beads–virus–bioprobe composites. (m, n, o, p, q) Fluorescence images of the

detection of H9N2 AIV at different concentrations (1.75 × 104, 1.75 × 103, 89.4, 8.94, and 0
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ng/mL, respectively). (r) Histogram showing the number of bioprobes captured on the beads

in the presence of different concentrations of H9N2 virus.
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