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Introduction
Nowadays the existed analytical methods including point-of-care 

(POC) and the centralized detection in the clinic laboratory have no 
the ability to meet recent requirements of the patient-friendly testing 
and increased reliability of results [1,2]. The emerging research field 
of nanotechnology provides exciting new possibilities for advanced 
development of new analytical tools [3,4]. Magnetic beads are attractive 
because they have good biocompatibility and can be separated very 
readily from the reaction mixtures in an external magnetic field. 
Magnetic nanoparticles facilitate a wide variety of surface reactions 
and allow conjugation with biomolecules like proteins and DNA 
[5,6]. Recent research has looked to develop innovative and powerful 
novel biofunctionalized magnetic beads, controlled and tailoring 
their properties in a predictable manner to meet the needs of specific 
applications [7,8].

Dynamic light scattering (DLS), also known as the photon 
correlation spectroscopy or quasi-elastic light scattering, is a well-
established noninvasive tool for determining the average hydrodynamic 
diameter (DH) of particles ranging from 0.5 nm to 10 μm in suspension 
or solution [9,10]. Just as unique advantages, DLS-based assays are 
specifically suitable for nanoparticles-based detection modes [11-13], 
because they can allow for evaluation of low-concentration levels 
with the signal amplification and reduce the sample pretreatment 
requirement in the presence of magnetic particles. Favorably, the 
biofunctionalized magnetic beads can pull the biomolecules from one 
laminar flow path to another by applying a local magnetic field gradient 
and selectively removing them from flowing biological fluids without 
any washing steps [14,15]. To this end, our motivation in this work is 
to design magnetic bead-based DLS sensing platform for the detection 
of disease-related biomarkers by coupling with the aptamer-based 
sensing system.

Aptamers are single-stranded nucleic acids isolated from random-
sequence DNA/RNA libraries by an in vitro SELEX [16]. The ability of 
aptamers to bind to a great variety of targets with high affinity/specificity 
comparable to that of antibodies makes them promising molecular 
receptors for bioanalytical applications [17]. Carcinoembryonic antigen 
(CEA) is recognized as disease-related biomarker to reflect the existence 
of various cancers and tumors in the human body [18]. So, sensitive 

detection of CEA in biological fluids is valuable for clinical diagnosis 
and treatment assessment of cancers. Herein, we report on the proof-
of-concept of a new magnetic bead-based aptasensor for DLS detection 
of CEA via target-induced aggregation of the biofunctionalized 
nanometer-sized particles (Scheme 1). The sequences of the aptamers 
for CEA are designed (aptamer-1: 5'-TATCCAGCTTATTCAATT-3'; 
aptamer-2: 5'-AGGGGG TGAAGGGATACCC-3') [19]. The assay 
contains two aptamer-functionalized magnetic beads (Apt-MB): 
aptamer-1-labeled magnetic bead (Apt1-MB) and aptamer-2-labeled 
magnetic bead (Apt2-MB). In the presence of target CEA, two sets of 
nanoparticles form a sandwiched complex, which increases with the 

Abstract
A simple and feasible sensing strategy based on target-induced aggregation of aptasensor-conjugated 

multifunctional magnetic beads was designed for sensitive detection of low-abundant proteins (carcinoembryonic 
antigen, CEA, used as an example), coupling with dynamic light scatting technique.

 

Scheme 1: Schematic illustration of aptamer-modified magnetic beads (Apt1-
MB and Apt2-MB) for dynamic light scatting (DLS) detection of biomarker.
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increasing CEA concentration, thus fabricating three-dimensional 
network with the interleaving bionanoparticles. In this case, the average 
hydrodynamic diameter DH increases with the increment of CEA, which 
can be collected by the photodiode detector and processed through the 
Malvern Zetasizer nanoapplication software. By monitoring the change 
in the DH, we indirectly evaluate the concentration of target CEA in the 
sample.

Prior to measurement, the aminated aptamers were covalently 
conjugated to carboxylated magnetic beads (size: 50 nm, 25 mg mL-1, 
1.3 × 1016 particles g-1, Chemicell GmbH, Beilin, Germany) via typical 
carbodiimide coupling [20]. Briefly, 110 mg of N-hydroxysuccinimide 
and 15 mg of N-(3-dimethylamino propyl)-N'-ethyl-carbodiimide 
hydrochloride were initially added to magnetic suspension (1.0 mL), 
followed with gentle stirring for 30 min at room temperature. Then, 100 
μL of 100 μM Apt-1 dissolved into distilled water was injected drop by 
drop to the suspension under the same conditions. After incubation for 
120 min, the conjugates (i.e., Apt1-MB) were magnetically separated, 
and dispersed in 1.0 mL of 0.01 M PBS, pH 7.4, for further use. By 
the same token, Apt2-MB was prepared by the same method. Finally, 
the as-prepared Apt-MB was utilized for the detection of CEA by 
adding different-concentration standards into the mixture including 
the equivoluminal Apt1-MB and Apt2-MB (incubation for 60 min at 
37°C).

As described above, the change in the DH derives from the 
interaction between the conjugated aptamers and target CEA. Thus, 
the preparation of Apt-MB was very crucial. Figure 1A shows typical 
transmission electron microscope (TEM; H-7650, Hitachi Instruments, 
Tokyo, Japan) image of aptamer-conjugated magnetic beads with an 
average size of ~70 nm, which was almost in accordance with that 
obtained by DLS data (Figure 1A, inset). Compared with magnetic 
beads (50 nm), the increasing size was ascribed to the introduction of 
the aptamers. More significantly, when the as-prepared Apt1-MB and 
Apt2-MB were incubated with 10 ng mL-1 CEA for 60 min at 37°C, 
numerous nanoparticles were aggregated together (Figure 1B), and 
the average size increased to ~450 nm (Figure 1B, inset). Logically, 
a puzzling question arises to whether the increase in the size derived 
from the interaction between Apt1-MB and Apt2-MB. To verify this 
concern, the same-volume Apt1-MB and Apt2-MB were mixed in the 
absence of target CEA. Experimental results indicated that the average 
size was almost the same as that in Figure 1A. These results revealed 
that the increase in the size originated from the specific aptamer-CEA 
reaction.

Also, we monitored the change in the zeta potential of carboxylated 
magnetic beads before and after modification with aptamers and target 
CEA (Apt1-MB used in this case). The zeta potential was -13.7 mV 
for the carboxylated magnetic beads, which derived from negatively 
charged carboxyl group. After formation of Apt1-MB, the zeta 
potential increased to -18.4 mV, which was attributed to negatively 
charged phosphate backbone of the nucleotides. In contrast, a positive 
zeta potential (+3.9 mV) was acquired after Apt1-MB reacted with 10 
ng mL-1 CEA. The reason might be most likely as a consequence of the 
fact that the isoelectronic point of CEA antigen, as a kind of protein, 
is less than pH 7.4. In pH 7.4 PBS, CEA antigen is a positively charged 
species.

Further, fourier transform infrared spectroscopy (FTIR, Vector 22, 
Bruker) was used for the bioconjugation. It is reported that the shapes 
of the infrared absorption bands of amide I groups at 1610-1690 cm-1 
corresponding to the C=O stretching vibration of peptide linkages 
and amide II groups around 1500-1600 cm-1 from a combination of 

N-H bending and C-N stretching can provide detailed information 
on the secondary structure of proteins. Figure 2a shows typical FTIR 
of the carboxylated magnetic beads. An obvious characteristic peak at 
1659 cm-1 was observed, which corresponded to the carboxylic group 
on magnetic beads. When the aminated aptamers were conjugated 
onto magnetic beads, another characteristic peak at 1543 cm-1 was 
appeared (Figure 2b), which derived from the N-H bending and C-N 
stretching. On the basis of the above-mentioned results, we might 
make a conclusion that the aptamers could be covalently conjugated 
to magnetic beads by the carbodiimide coupling, and the as-prepared 
Apt-MB could be used for detection of target CEA.

To further investigate the detectability of the prepared Apt-MB, 
CEA standards with different concentrations were tested by using 
DLS on the basis of target-induced aggregation of Apt-MB in 0.01 M 
PBS, pH 7.4, for incubation 60 min at 37°C. As shown in Figure 3A, 
the DH increased with increasing CEA level in the sample. A linear 
correlation between DH and CEA level was observed in the dynamic 
range from 0.5 to 20 ng mL-1 with a detection limit (LOD) of 0.1 ng 
mL-1 estimated at a signal-to-noise ratio of 3 σ. The LOD of our system 
was comparable with those of other CEA detection schemes, e.g., 
hybrid hydrogel photonic barcode-based fluorescent assay (0.78 ng 
mL-1) [21], carbon dots-based fluoremetric detection (0.3 ng mL-1) [22], 
3-D surface molecular imprinting-based electrochemical readout (0.5 
ng mL-1) [23], quantum dot-based microarray immunoassay (0.19 ng 
mL-1) [24], and impedimetric immunosensor (1.0 ng mL-1) [25]. Due to 
the threshold value of CEA (3.0 ng mL-1) in normal human serum, our 
method could completely meet the needs of CEA detection.

To investigate the reproducibility of determinations, we repeatedly 
assayed 4 different concentrations of analyte, using identical batches 
of Apt1-MB and Apt2-MB. Experimental results indicated that the 

 

Figure 1: TEM images of (A) aptamer-conjugated magnetic beads and (B) 
Apt1-MB+Apt2-MB+10.0 ng mL-1 CEA (Insets: the corresponding DLS data).

Figure 2: FTIR spectra of (a) the carboxylated magnetic beads and (b) Apt1-MB.
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with target analyte. Highlight of this work is to exploit a new type 
of nanoparticle-based DLS aptasensor for the amplification of the 
detectable signal. These features, as well as its other advantages, such 
as operation convenience, enzyme-free, and low cost, make it further 
applicable for other proteins or biomolecules by controlling target 
antibody, thus demonstrating the versatility of the proposed assay.
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In summary, this work reports on the proof-of-concept of a simple 
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based on aptamer-functionalized magnetic beads. Sandwich-type 
assay format was used for quantitative monitoring of disease-related 
biomarker. Experimental results revealed that the DH change of the 
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ng mL-1 AFP, 100 U mL-1 CA 19-9, 100 U mL-1 CA 125 and 100 ng mL-1 PSA 
(Note: The mixture contained the above-mentioned analytes; Each data point 
represents the average value obtained from three different measurements; 
The error bars represent the 95% confidence interval of the mean for Y-axis 
or X-axis concentrations).

Figure 4: Comparison of the titer results of the detecting samples between 
CEA ELISA kit and the developed aptasensor (Note: Each data point 
represents the average value obtained from three different measurements; 
The high-concentration CEA samples were obtained according to the dilution 
ratio; The error bars represent the 95% confidence interval of the mean for 
Y-axis or X-axis concentrations).
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