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Graphical Abstract 

This communication provides an efficient membrane emulsification-solvent evaporation approach 

for the preparation of magnetic quantum dot barcodes for ultrasensitive and quantitative bioassays. 
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Quantum dot (QD)-encoded magnetic barcodes were 

prepared through a highly efficient membrane emulsification-

solvent evaporation approach.  Our study demonstrates the 

great potential of these QD-encoded magnetic barcodes for 

both magnetic separations and multiplex suspensions assays. 10 

Fluorescent quantum dots (QDs) and superparamagnetic 

nanoparticles are two important functional inorganic materials 

which have separately been widely used for numerous biomedical 

applications.[1]  For example, QDs have been investigated as 

promising candidates for creating diverse barcodes in suspension 15 

assays since these inorganic nanocrystals exhibit narrow emission 

spectra, high photostability and superior brightness.[2,3]  However, 

although the suspension assays based on QD-encoded 

microspheres offer many advantages in disease diagnosis,[4] they 

have typically required high sample concentrations and were not 20 

effective when only a small amount of dilute sample was 

available.  On the other hand, superparamagnetic nanoparticles 

such as magnetite nanoparticles (MNPs) have been used to 

manipulate disease cells and biomolecules for decades,[5] but they 

were rarely used in the field of multiplexed biomolecular 25 

detection because of the difficulties encountered with encoding 

the magnetic signatures of microsphere barcodes.[6]  In 

consideration of the distinct but complementary advantages of 

QDs and magnetic nanoparticles,[7] the development of 

multifunctional composite materials that combine these two 30 

nanomaterials together into a micron-sized host microsphere 

could potentially open new avenues toward ultrasensitive and 

quantitative bioassays. 

Motivated by the great potential value of QD/MNP composite 

microspheres in bioassays, researchers have explored various 35 

approaches to incorporate various magnetic nanoparticles and 

QDs into microspheres (denoted as MQ-microspheres).  These 

strategies have included the swelling method,[2d, 8] emulsion 

polymerization,[9] layer-by-layer assembly,[10] and a recently 

reported concentration-controlled flow focusing (CCFF) 40 

technique[11, 12] developed by Chan et al.  However, most 

methods required numerous steps or specialized continuous flow 

focusing apparatus.  The formulation of more efficient 

approaches that would be required to advance MQ-microspheres 

production still remains a challenging task. 45 

Herein, we describe a membrane emulsification-solvent 

evaporation approach (MESE) for embedding both QDs and 

magnetite nanoparticles within host microspheres in an efficient 

manner.  Recently, we implemented this MESE approach to 

fabricate QD-encoded microsphere barcodes.[13]  In this 50 

communication, we developed for the first time the MESE 

approach to fabricate MQ microspheres that possess excellent 

fluorescent and magnetic properties.  Our study demonstrated that 

both the magnetism and fluorescence of the barcodes could be 

controlled by adjusting the feed ratio of the MNPs and QDs 55 

during the fabrication, and suggested that these MQ microsphere 

barcodes provide feasible platforms for both hepatitis B virus 

(HBV) detection and for specific antigen separation. 

 
Fig. 1 (a) Schematic diagram depicting the process of fabricating MQ-60 

microspheres via the MESE method. (b) Photographs of an aqueous 

suspension of MQ-microspheres (MQ6) before (left) and after (right) a 

magnet was placed on the right side of the vial under excitation with a 

365 nm UV lamp. (c) SEM (left) and laser confocal fluorescence 

microscopy (right) images of MQ-microspheres (MQ6). 65 

The combined MESE approach for MQ-microsphere 

fabrication was performed via Shirasu Porous Glass (SPG) 

membrane emulsification.  This route was chosen because SPG 

membranes could significantly improve the size uniformity of the 

emulsion droplets and thus that of the resultant microspheres.[14]  70 

As illustrated in Fig. 1a, the organic phase containing QDs, 

MNPs and poly(styrene-co-maleic anhydride) (PSMA) 

copolymers served as the dispersed phase and was forced by 

nitrogen pressure through the 4.9 µm SPG membrane pores into 

the emulsifier-containing aqueous phase.  The oil-dispersed QDs 75 

and MNPs were synthesized according to methods described in 

previous reports.[15]  Toluene was used as the oil-phase in this 

report.  Due to the nano-scale sizes and the hydrophobic surfaces 

of the QDs and MNPs (TEM images are shown in Fig. S1 and Fig. 

S2 in the Electronic Supplementary Information or ESI), they 80 

could readily pass through the SPG membrane and become 

trapped within the interiors of the emulsion droplets.  
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Subsequently, the toluene was evaporated from within the 

droplets and the internal PSMA polymer chains thus became 

solidified to form microspheres.  The diameters of the droplets 

and thus the sizes of the microsheres could be easily controlled 

by adjusting the pore size of the membrane.  It is noteworthy that 5 

this approach provides a significant improvement in the yield.  

Taking the barcode preparation using a 4.9 µm pore SPG 

membrane as an example, a droplet generation rate of ~3×108 

droplets/mL per hour could be achieved.  As disclosed by this 

study, the resultant MQ-microspheres exhibited good magnetic 10 

and fluorescent properties (shown in Fig. 1b), a smooth spherical 

morphology with a 6.6 µm diameter, a homogeneous QD 

distribution (shown in Fig. 1c) and a narrow size distribution (see 

Fig. S3 in the ESI).  Moreover, due to the abundant anhydride 

groups contained within the PSMA matrix, the anhydride groups 15 

on the surfaces of the MQ-microspheres could be readily 

converted to carboxyl groups (see Fig. S4 in the ESI) so that they 

could be further functionalized with bio-probes via acid-catalysed 

hydrolysis. 

As noted earlier, the fluorescent and magnetic properties of 20 

the MQ-microspheres could be controlled by adjusting the 

amount of MNPs and QDs used in the MQ-microsphere 

fabrication.  To evaluate this effect, six families of MQ-

microspheres were fabricated through the same procedure but 

with different feed ratios between the QDs and the MNPs (see the 25 

description and Table S1 in the ESI).  The laser scanning 

confocal microscopy (LSCM) images recorded at different 

focalized planes from the top of the MQ-microspheres to the 

bottom of the spheres are shown in Fig. 2.  By comparing the 

fluorescence intensities of the four microspheres that contained 30 

the same QD content but decreasing MNP contents, (i.e., MQ1, 

MQ2, MQ3 and MQ4 microspheres as shown in Fig. 2g), it is 

apparent that the fluorescence intensities of the MQ-microspheres 

decreased if their MNP content was increased.  This may be due 

to some of the light from the exciting laser and the fluorescence 35 

emissions of the QDs being absorbed by the MNPs embedded 

within the spheres.[2d, 8]  This deduction was confirmed by the 

measurement of the UV-vis absorption spectrum of the MNPs 

(see Fig. S5 in the ESI), which demonstrated that the MNPs 

absorbed light up to ~700 nm, and thus were capable of absorbing 40 

light from both the exciting laser (at 400 nm) and that emitted by 

the 520 nm QDs.  On the other hand, the comparison of the 

fluorescence intensities of MQ2, MQ4, and MQ5 revealed that 

the fluorescence intensities of the MQ-microspheres increased if 

they contained more QDs (see Fig. 2h).  In addition, the magnetic 45 

properties of the microspheres were studied and the magnetic 

hysteresis of the MQ-microspheres shown in Fig. 2i indicated that 

the magnetic properties were related only to the amount of the 

MNPs, but not to the amount of QDs present within the 

microspheres. 50 

As a versatile approach for detecting both spectroscopic and 

size signatures, flow cytometry was established as an effective 

technique for detecting multiplexed assays.  There are two 

essential requirements for QD-encoded barcodes to be detectable 

via flow cytometry.  Specifically, they must emit light within the 55 

detection channels of the flow cytometer, and they must exhibit a 

distinguishable barcode in the flow cytometric histograms.  On 

this basis, our recent study indicated that the 520 and 680 nm 

barcodes were both suitable for preparing a flow cytometry-based 

barcode library.[13]  By utilizing the fluorescence signatures of the 60 

barcodes, a two-dimensional barcode library combining the 

signals of the FL1  (515 ± 15 nm) and the FL4 (675 ± 15 nm) 

channels could be established via flow cytometry.  Based on this 

concept, a two-parameter scatter plot was obtained (Figure 3), in 

which the four dots represented the signals from the two 520 nm 65 

MQ-microspheres with different fluorescence intensities (i.e., 

MQ4 and MQ6), and the two QD-encoded microspheres (i.e., 680 

nm Q1 and 520 nm Q2 in which no MNPs were contained). 

Fig. 2 Images (a1)-(a3), (b1)-(b3), (c1)-(c3), (d1)-(d3), (e1)-(e3) and (f1)-

(f3) show LSCM images recorded at three focalized planes from the top 70 

to the bottom of MQ1, MQ2, MQ3, MQ4, MQ5 and MQ6 microspheres, 

respectively.  These MQ microspheres were all encoded with 520 nm 

QDs.  (g) The relationship between the fluorescence intensities of the 

MQ-microspheres and the amount of MNPs added, when the amount of 

520 nm QDs was fixed.  (h) The relationship between the fluorescence 75 

intensity of the MQ-microspheres and the amount of 520 nm QDs added, 

when the amount of MNPs was fixed.  (i) The magnetic hysteresis of 

MQ1, MQ2, MQ4, MQ5 and MQ6. 

 

Fig. 3 Plot of log FL4 versus log FL1 for the QD-encoded fluorescent 80 

barcodes as obtained via flow cytometry. 

In the present work, MQ-microspheres and QD-microspheres 

were used as host vehicles for magnetic separations and as 

immunoassay analysis barcodes, respectively.  The hepatitis B 

surface antigen (HBsAg) and the hepatitis B e antigen (HBeAg), 85 

which are both primary indices for HBV diagnosis, were thus 

MM Q
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chosen as targets for further immunoassay investigations.  As 

shown in Figure 4a, hepatitis B surface antibodies (HBsAb) and 

hepatitis B e antibodies (HBeAb) were conjugated onto the 

surfaces of the microspheres to allow the capture of HBsAg and 

HBeAg, respectively.  MQ6 microspheres were coated with 5 

HBsAb probes to achieve a specific magnetic separation of 

HBsAg from the sample containing 500 ng/mL of HBsAg and 

500 ng/mL of HBeAg.  To confirm the complete separation of the 

HBsAg, the HBsAb-coated Q1 microspheres and HBeAb-coated 

Q2 microspheres were added into the sample for further 10 

multiplex suspension bioassay measurements.  As shown in 

Figure 4b, the residual antigens in the sample could be captured 

via their conjugation with the antibody probes on the microsphere 

surfaces.  Subsequently, biotin-HBsAb, biotin-HBeAb, and the 

fluorescent probe phycoerythrin (PE) were added to form 15 

sandwich immunoassay structures on the surfaces of the 

microspheres.  The concentrations of the target molecules in the 

samples corresponded closely with the median fluorescence 

intensities (MFI) of the labelled PE reporters.  The concentration 

of residual HBsAg in the sample was calculated quantitatively 20 

based on a pre-established MFI-HBsAg calibration curve (see Fig. 

S6 in the ESI), and the results are summarized in Figure 4c.  The 

HBsAg concentration decreased sharply from 500 to 3 ng/mL 

after the magnetic separation had been performed, whereas the 

concentration of HBeAg still remained constant.  This behaviour 25 

indicated that the MQ-microspheres were effective in providing 

specific magnetic separation, and a QD-microsphere based 

multiplex suspension assay can be used further to evaluate the 

effectiveness of the separation with high sensitivity. 

Fig. 4 Schematic diagram depicting (a) the magnetic separation 30 

of HBsAg with MQ-microspheres and (b) a multiplex suspension 

assay utilizing QD-microspheres.  (c) displays the change on the 

concentration of HBsAg and HBeAg in sample after MQ-

microspheres based magnetic separation.  The blue and purple 

blocks in (a) and (b) represent HBsAg and HBeAg, respectively. 35 

 

In summary, a MESE method was developed to efficiently 

fabricate MQ-microspheres.  The magnetic and fluorescent 

properties of the microspheres could be readily controlled by 

adjusting the amount of nanoparticles employed in the fabrication.  40 

Investigations on the effectiveness of these MQ-microspheres in 

targeting HBsAg and HBeAg in immunoassays demonstrated that 

these MQ-microspheres have great potential as hosts for magnetic 

separations and as probes for the analysis of biomolecules.  
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