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A simple one-step flow focusing method was used to embed both

magnetic nanoparticles and quantum dots in microbeads in

controlled ratios to generate a large library of molecular

barcodes for biological applications.

Barcoded materials are currently used in high-throughput

molecular diagnostics and therapeutics.1–5 Code recognition

of materials are normally based on unique structural patterns6–8

or spectroscopic signatures.9–11 Spectroscopic signatures made

from incorporation of fluorophores are the predominant

barcoding system used today because of the ease of using

optical detection systems to read the fluorescence signature. In

the early part of this century, many predicted that optical

barcodes can be created with billions of unique signatures that

permit one to detect billions of biological molecules simulta-

neously. Recent studies have demonstrated that the spectral

overlaps of fluorophores and the interactions of fluorophores

with biological buffers could limit the number of available

barcodes.12 Beyond the use of barcodes for multiplexing,

there is also a need to automate and simplify the assay process,

from the purification of biological samples to analytical

measurement. Here, we report a simple, rapid, and one-step

method to prepare barcoded microbeads consisting of magnetic

nanoparticles (MNPs) and quantum dots (QDs). There have

been a number of reports that demonstrated the incorporation

of magnetic nanoparticles in fluorescent beads.13–17 However,

those reports involved a time-consuming, multi-step chemical

synthesis process and did not provide quantitative magnetic

data showing whether magnetism can be used as a basis

for barcoding along with optical properties. The resulting

magnetic-QD barcodes developed by our one-step method

not only provide an added advantage of magnetic separation

for simplifying the assay but magnetism provides a second

dimension to barcoding beads. The combination of optical

and magnetic properties increases the total number of possible

barcodes by several manifolds.

Following our previously published report using the

concentration controlled flow focusing (CCFF) technique,18,19

we have developed an effective route for mass preparation of

barcoded polymeric microbeads, in which the MNPs and QDs

were embedded to produce characteristic magnetic and fluor-

escent codes (Fig. 1). We synthesized oleylamine coated

magnetic nanoparticles (Fe3O4) of average 7.0 nm diameter

(Fig. S1 of ESIw). Trioctylphosphine oxide (TOPO) and

hexadecylamine (HDA) coated ZnS-capped CdSe QDs

(emission maxima of 500 and 600 nm) were also synthesized.

To demonstrate the ability to prepare magnetic-QD barcodes,

we prepared a precursor chloroform solution containing

different relative concentrations of those two types of QDs

with different concentrations of MNPs. We dissolved the

Fig. 1 Synthesis of magnetic-QD barcodes. (A) Schematic of

one-step synthesis from a precursor solution in chloroform via the

concentration controlled flow focusing technique. (B) Transmission

electron micrograph of the microbeads withMNPs and QDs (length of

the black scale bar is 2 mm).
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poly(styrene-co-maleic anhydride) polymer in the precursor

solution, which was focussed through the flow focussing

nozzle with the help of an aqueous fluid stream (Fig. 1A).

The polymer hydrolyzed and formed spheres of microbeads in

the aqueous phase. The hydrophobic anhydride functional

groups of the polymer hydrolyzed to form hydrophilic anionic

carboxylic groups to provide solubility in aqueous buffers,

prevention of aggregation and site for bio-conjugation.18–20

We first started with a MNP concentration of 2.0 mg mL�1

in the precursor solution and these barcodes were called BM2.

Transmission electron microscopy revealed that these barcodes

were uniform, monodispersed, and spherical with an average

diameter of 5 � 1 mm (Fig. 1B). By varying the concentrations

of the 500 nm and 600 nm emitting QDs in BM2 precursor

solution, we generated nine unique barcodes, each one of them

with a characteristic intensity signature. For the purpose of

simplifying the discussion in this manuscript, we assigned each

barcode a unique symbol (Fig. 2). This method enabled us to

obtain different optical signatures containing QD barcodes

having magnetic nanoparticles inside.

To assess the effect of MNPs on the intensity of the QD

fluorescence, we prepared a series of barcodes by varying the

MNP concentrations against a fixed QD concentration in the

precursor solution. For example, we selected the QD concen-

tration composition g, where the two QD emissions showed

equal intensities. We then added different concentrations of

MNPs (mg mL�1) to generate five more types of barcodes

termed BM0, BM4, BM8, BM16 and BM32 from the

precursor containing 0, 4, 8, 16 and 32 mg mL�1 MNPs,

respectively, against the fixed QD concentration composition g.
The fluorescence intensities obtained from the six barcodes

generated altogether are plotted in Fig. 3A. Although the

concentration of the QDs was kept constant from BM0 to

BM32, the fluorescence intensities of the barcodes gradually

decreased from BM0 to BM32 with increasing MNP concen-

trations (Fig. 3A). As the mixed valence Fe3O4 exhibits a

broad absorption spectrum in the visible region (400 to 600 nm),

the attenuation of fluorescence intensities was attributed to the

absorption of both the excitation light and the emitted QD

fluorescence by MNPs.17 Fig. 3A also demonstrated an effective

way of generating multiple barcodes containing different

intensities corresponding to a fixed concentration composition

of QDs in the precursor solution.

The differentMNP concentrations not only generated different

intensities but also created barcodes with distinct saturation

magnetic moments. We conducted SQUID (superconducting

quantum interference device) measurements and plotted the

room temperature data of magnetic moments of the six types

of barcodes against the external magnetizing field (Fig. 3B). The

plot revealed the superparamagnetic behaviour of the barcoded

beads and different saturation magnetization values of the

individual barcodes (see Table S1 in ESIw for details). The

magnetic-QD barcodes (BM32) that showed the weakest QD

fluorescence exhibited the strongest magnetic moment and vice

versa. These magnetic data clearly showed that the presence of

different concentrations of MNPs per microbead can lead to

different magnetic strengths of the corresponding barcodes and

this phenomenon can be utilized as a basis for barcoding.

The implication of fabricating barcodes with varying

magnetic strengths was demonstrated by a simple experiment

as shown in Fig. 4. Each of the five magnetic-QD barcodes,

from BM2 to BM32, was dispersed in water inside five

different glass vials of 2.8 cm diameter (Fig. 4A). Each glass

vial contained a particular type of magnetic-QD barcode. A

rare earth magnet (Neodymium–iron–boron) with a surface

field of 6.6 � 103 Gauss was placed at the side of each vial and

the introduction of the magnetic field to the glass vial was

defined as time zero (Fig. 4B). In each case, the amount of time

required (seconds) to pull the magnetic-QD barcodes to the

glass wall in generating visibly clear solution was recorded by a

Fig. 2 Two dimensional contour plots of intensities of nine different

barcodes containing two different QD concentrations at a fixed MNP

(2 mg mL�1) concentration (obtained by flow cytometry). The

concentration composition for each particular intensity signature

was assigned a symbol (a: 5.9 mM of green, b: 15.0 mM of green and

0.1 mM of red, g: 22.2 mM of green and 1.0 mM of red, d: 1.5 mM of

green and 5.0 mMof red, e: 1.0 mMof green and 6.8 mMof red, z: 0.8 mM
of red, y: 5.0 mM of green and 0.05 mM of red, p: 1.5 mM of green and

0.1 mM of red, s: 2.5 mM of green and 0.8 mM of red QDs). Green and

red QDs have characteristic emission maxima at 500 and 600 nm,

respectively. FL-H refers to the fluorescence intensity.

Fig. 3 Characteristic optical and magnetic properties of magnetic-

QD barcodes. (A) Relative fluorescence intensities of the six barcodes

containing different MNP concentrations at a fixed QD concentration.

(B) Magnetic moments of the six barcodes as a function of the

magnetizing field obtained from the SQUID study. Legend: gray,

blue, green, purple, black and red dots denote BM0, BM2, BM4, BM8,

BM16 and BM32, respectively. In (B), the gray line was omitted

because it did not contain any magnetic nanoparticles and thus have

no magnetic moment. This gray line overlaps slightly with the blue line

and because of this we omitted the line from the figure for clarity.
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stop watch and is plotted in the y-axis of Fig. 4. This experiment

showed that the separation times of the barcodes were directly

proportional to their corresponding magnetic moments; the

greater the moment the faster the separation time. These

magnetic-QD barcodes tagged with biological molecules could

be used as biological labels and would be ideal for clinical

separation applications with flow cytometers that can separate

magnetic microparticles based on their magnetic moments as

developed by Espy Michelle et al.21 Analytes tagged with these

barcodes would not only be identified by the barcode signatures

but would also be identified by the separation time.

In summary, we reported a simple, one-step route to

fabricate barcoded microbeads that contain optical and magnetic

properties. All the previous reports described the synthesis of

magnetic-fluorescent beads using time-consuming and tedious

preparation methods. In comparison, our typical synthesis

takes on average 10 min to manufacture 5 million beads of a

particular magnetic-QD barcode, making our strategy more

time efficient, simple and practical. The uniqueness of the

process is that apart from tuning photoluminescence intensities,

we can also tune the magnetic strengths of the barcodes by

simply controlling the saturation magnetic moments of the

beads by manipulating MNP concentrations. Introduction of

the two tunable parameters, i.e. optical and magnetic, provides

a two dimensional aspect in designing novel barcodes. From n

number of intensity levels of QDs and m number of different

color emitting QDs, a total of (nm � 1) barcodes can be

generated.4 However, the actual number of barcodes would

be substantially lower due to the spectral overlapping, variation

of fluorescence intensities and signal-to-noise criteria. For

high-throughput multiplexed detection application, if only

34% to 69% of those possible barcodes can be used12 then

the total number of usable barcodes can be increased by a

factor of x by using x number of MNP concentrations as a

second dimension of barcoding. Due to their ability to interface

with biomolecules and their different separation velocities

under a magnetic field, these magnetic-QD barcodes allow

us to start considering the use of magnetism to assist in

automating and simplifying the barcode assay process in

biological and medical detection schemes in the developed

and developing world.
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Fig. 4 Plot of average separation time taken by the magnetic-QD

barcodes under an external magnetic field. The error bars represent the

standard deviation of each recorded time performed in triplicates.

Approximately 1 million barcoded beads were used in each case. (A)

Barcodes were dispersed in water before placing the magnet. (B)

Barcodes were separated after the magnet is placed.
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