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Hybrid Magnetic-DNA Directed 
Immobilisation Approach for 
Efficient Protein Capture and 
Detection on Microfluidic Platforms
Elaheh Esmaeili1,2, Mohammad Adel Ghiass1, Manouchehr Vossoughi1,3 & Masoud Soleimani4

In this study, a hybrid magnetic-DNA directed immobilisation approach is presented to enhance protein 
capture and detection on a microfluidic platform. DNA-modified magnetic nanoparticles are added in 
a solution to capture fluorescently labelled immunocomplexes to be detected optically. A magnetic 
set-up composed of cubic permanent magnets and a microchannel was designed and implemented 
based on finite element analysis results to efficiently concentrate the nanoparticles only over a defined 
area of the microchannel as the sensing zone. This in turn, led to the fluorescence emission localisation 
and the searching area reduction. Also, compared to processes in which the immunocomplex is formed 
directly on the surface, the proposed approach provides a lower steric hindrance, higher mass transfer, 
lower equilibrium time, and more surface concentration of the captured targets leading to a faster and 
more sensitive detection. As a proof-of-concept, the set-up is capable of detecting prostate-specific 
membrane antigen with concentrations down to 0.7 nM. Our findings suggest that the approach holds a 
great promise for applications in clinical assays and disease diagnosis.

The analysis of proteins with high sensitivity and specificity is critical for the early disease diagnosis and is the 
key factor for monitoring disease recurrence and therapeutic efficacy1, 2. Enzyme-linked immunosorbent assay 
(ELISA) is a traditional method progressively used to recognise the occurrence of a substance in a fluid specimen. 
Most ELISA tests have disadvantages in terms of handling and analysis time, sample and reagent consumption, 
as well as automation and portability capabilities3. Moreover, the interactions between the involved components 
in these heterogeneous surface-based assays that recognise analytes in the solution, depend on factors including 
the surface concentration of the binding sites, concentration and diffusion constant of the targets in the solution, 
and binding affinity of probes for their respective targets4. In these platforms, reduction of the species near the 
surface upon binding to it and the subsequent diffusion of them towards the surface can lead to suboptimal detec-
tion limits and longer incubation times. In contrast to the traditional solid substrates such as ELISA plates, the 
semi-homogenous suspension of nanoparticles functionalised with capture antibodies as the mobile substrates 
endue them with rapid reaction kinetics and better detection sensitivities5, 6. Also, approaches to concentrate 
the immunocomplex on the surface for detection, such as applying a force to the species to get them close to the 
surface are noteworthy7, 8.

Magnetic nanoparticles (MNPs) possess impressive merits including a large surface to volume ratio, low cost 
of synthesis, short analysis time, magnetic susceptibility, low toxicity, and compatibility with biomaterials. This 
makes them appropriate for a wide variety of applications including biosensing9–12, drug delivery13–15, and sam-
ple purification16–18. The usage of MNPs as biomolecule carriers is promising, since the biomolecule confers the 
specificity of the MNP assemblies towards the targeted molecules and they can be manipulated by external mag-
netic fields19–22. Thus, the matrix effects are successfully addressed by the improved washing steps eliminating 
the need for sample pretreatments using centrifugation or chromatography. Compared to the diffusion-limited 
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immobilisation methods, the assemblies are directed towards the defined imaging zone to reduce the searching 
area and enhance the surface concentration of the captured target23, 24.

Immunoassays offer high specificity due to the use of antibodies against the analyte of interest. However, the 
surface immobilisation of such antibodies can challenge their integrity, activity, stability, and specificity, thus 
lowering the sensor performance and promptness25, 26. To address these issues, the DNA-directed immobilisation 
(DDI) is a proper candidate to localise proteins and antibodies27–29. In DDI, an antibody molecule tailed with 
ssDNA is assembled onto the surface by hybridisation with the complementary ssDNA probe recognising the 
antigen specifically. This kind of immobilisation has several advantages over the direct covalent attachment of 
antibodies. It increases the availability of the binding sites for analyte capture, as the reduced steric hindrance 
allows more favourable orientations for binding. In addition, this kind of immobilisation provides the ability to 
reprogram the sensor surface using different sets of antibodies conjugated to the same DNA sequences, and sur-
face renascence by de-hybridisation of the antibody-DNA conjugates30.

In recent years, MNPs-based immunoassays have been adapted to the lab-on-a-chip/microfluidic format for 
pathogen detection31, 32. Microfluidic technology allows the miniaturisation of devices, which results in a min-
imum consumption and processing of sample and reagents (microliters to nanoliters) and minimum chemical 
waste, shorter analysis time, portability, and lower detection limits (LODs)33–35. Such devices can be advanta-
geously utilised for point-of-care diagnostics, where they provide potentially fast and low-cost analyte detection.

Handling of MNPs in a microfluidic channel using magnetic fields is an efficient and prevalent tech-
nique for diverse chemical and biological applications including magnetic separation36, 37 and mixing38, 39. 
Magnetism-based microsystems can be classified based on whether the magnetic field actuation is integrated 
into the device or not. Active magnetic microsystems use on-chip micro-electromagnets that can be addressed 
separately40. Joule heating effect due to the relatively high current densities, complex processes for the integration 
of the micro-fabricated magnets into the microfluidic devices and the limited field strength (0–100 mT) are the 
drawbacks of such systems41, 42. On the other hand, off-chip electromagnets or permanent magnets are utilised 
in passive magnetic microsystems. This results in a simple operation, lower cost, no unwanted heat generation, 
and larger magnetic fields (>0.5T) and forces40, 42. The fields produced by the Off-chip permanent magnets can 
be significantly improved by tuning the parameters including magnetic material, geometry and configuration of 
the magnets.

In this study, we describe the development of a microfluidic immunofluorescence system based on a 
hybrid magnetic-DNA directed immobilisation approach for the selective detection of Human Glutamate 
Carboxypeptidase II, also known as prostate-specific membrane antigen, PSMA. PSMA is a 750 residue, 100 kDa 
glycoprotein that is overexpressed on the surface of prostate cancer cells and has been well-characterised as a 
candidate for prostate cancer diagnosis43. PSMA is elevated from 200–300 ngmL−1 (2–3 nM) in healthy patients 
to 300–650 ngmL−1 (3–6.5 nM) in patients with prostate cancer44.

We synthesised MNPs linked to antibodies via a robust hybridisation between a DNA tether attached to the 
antibody and its complementary sequence immobilised on the MNPs. These assemblies are dispersed into a 
solution to capture their antigen counterparts and the secondary AlexaFluor-488 conjugated antibody as sche-
matically shown in Fig. 1. A microchannel is filled with the sample followed by the optical analysis when there 
is no flow in it, static situation. To concentrate the immunocomplexes over the sensing zone at the centre of the 
microchannel, we designed and implemented a passive magnetic microsystem composed of two series of cubic 
permanent magnets situated above and below the microchannel. Finite element analysis was used to investigate 
the magnetic configuration design considering the number of the magnets on the top and bottom of the structure 
and the asymmetry. The results were utilised to improve the way the magnetic force is exerted on the MNPs and 
to form an efficient sensing zone for optical detection of the target.

Numerical simulations
In the vicinity of a permanent magnet, the magnetic flux density is expressed by:

Figure 1. Schematic representation of the immunocomplex preparation in solution using DDI method. The 
sample containing the immunocomplex composed of a MNP, anti-PSMA antibody-functionalised with ssDNA 
molecules, antigen, and AlexaFluor-488 conjugated secondary antibody is then introduced into a magnetic 
configuration including a microchannel and gets concentrated on the sensing zone.
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µ= +B H M( ) (1)0

where μ0 is the permeability of free space, H is the magnetic field, and M is the magnetisation due to the perma-
nent magnet45. A force is exerted on a constant magnetic dipole moment, m, and can be expressed as a function 
of the magnetic potential energy, U, as:

∇ ∇ ∇= − = ⋅ ≈ ⋅F U m B m B( ) ( ) ( ) (2)m

The magnetic dipole moment of a superparamagnetic particle surrounded by a non-magnetic medium is 
expressed by:

χ= ∆m V H (3)

where V is the volume of the particle and Δχ is the difference in the magnetic susceptibilities of the particle and 
medium. Using Eqs (1) and (3), the magnetic force exerted on the particle can be expressed by:

χ
µ

∇=
∆

⋅F V B B( )
(4)

m
0

For a given particle, Fm can be calculated if we know (B·∇)B at a point in space.
In 3D modelling, 3 components of Fm can be expressed by:

χ
µ

χ
µ

χ
µ











=
∆ 




∂
∂

+
∂
∂

+
∂
∂






=
∆ 




∂

∂
+

∂

∂
+

∂

∂






=
∆ 




∂
∂

+
∂
∂

+
∂
∂






F V B B
x

B B
y

B B
z

F V B
B
x

B
B
y

B
B
z

F V B
B
x

B
B
y

B
B
z (5)

x x
x

y
x

z
x

y x
y

y
y

z
y

z x
z

y
z

z
z

0

0

0

In this work, we use a magnetic configuration composed of cubic permanent magnets of 5 × 5 × 5 mm3 which 
are of 1.3T in remanent flux density. Any number of the cubes can be stuck to each other to form a bar magnet 
and modify the magnetic properties. The magnets are situated at the centre along x and y axis (x = 0 and y = 0) 
with magnetisation along z axis. The magnets can be positioned over or under the chip and different results are 
expected also depending on the number of magnets. As shown schematically in Fig. 1, the configuration includes 
the glass slide as the substrate, the PDMS slab containing the 3 cm-long microchannel, and the magnets over the 
PDMS slab and under the substrate positioned at the channel centre.

The magnetic set-up can be configured in three different ways. One bar magnet can be put under the substrate. 
Two bar magnets of different height can be put so that the same poles or counter poles are facing each other. 
Gassner and her group studied these three cases with bar magnets of the same height and showed that the super-
paramagnetic particles can be concentrated at one point for attraction mode and two points for the repulsion 
mode, demonstrating the preference of the attraction mode46. However, they only took into account the situation 
in the close vicinity of the magnets where both magnets were of the same height, symmetric configuration.

Different magnetic configurations are defined by the number of magnets on the top, a, and under the sub-
strate, b, named as a-b. We studied the effect of different magnetic configurations on the magnetic force dis-
tribution within the microchannel. In the model, Gauss’ Law for the magnetic field was solved using the scalar 
magnetic potential as the dependent variable. For the configuration to be efficient, the magnetic force exerted 
on the MNPs should direct them towards the sensing zone along the microchannel and concentrate them on the 
surface.

Results and Discussion
The ssDNA conjugation to streptavidin coated MNPs and antibody coating on ssDNA conjugated MNPs were 
characterised with dynamic light scattering (DLS) that measures the hydrodynamic diameter of the MNPs in 
their dispersion state. The DLS measurement results in the hybridization buffer are shown in Fig. 2. It can be seen 
that before conjugation, streptavidin coated MNPs have an overall size around 122 nm. After modification with 
ssDNA and thereafter ssDNA conjugated antibody over ssDNA conjugated MNPs, the particles increased in size 
to around 142 and 190 nm, respectively, indicating the ssDNA and antibody biomolecules are incorporated in the 
surface of MNPs.

Figure 3 shows the TEM images of the streptavidin coated MNPs (provided by Ademtech) and antibody con-
jugated MNPs. The average core size is about 100 nm, but the shell thickness in the antibody conjugated MNPs 
increased comparing to streptavidin coated MNPs due to the conjugation of antibodies to MNPs.

The surface charges of streptavidin, ssDNA and antibody coated MNPs were determined by zeta potential 
measurement. The zeta potential of the initial streptavidin coated MNPs was −8.9 mV owing to the presence 
of streptavidin on the surface of nanoparticles. After ssDNA conjugation, zeta potential substantially increased 
to −33.2 mV due to the exposed phosphate groups of ssDNA. Hybridization of ssDNA with ssDNA-antibody 
screens some negatively charged phosphate groups, decreasing the zeta potential to −28.4 mV.

Figure 4 compares the recorded fluorescence intensity of the immunocomplexes hybridised to the ssDNA 
probes immobilised on the streptavidin coated surface of the microtiter plate and that of the MNPs. The latter case 
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leads to a 10-fold increase in the intensity verifying the significant effect of the steric hindrance reduction and 
the mass transport improvement. The achieved intensity enhancement is of importance to improve the detection 
limit of the point-of-care applications.

Figure 2. Hydrodynamic diameter distribution of the MNPs determined by DLS measurements: (a) 
streptavidin coated MNPs (b) ssDNA conjugated MNPs, and (c) anti-PSMA antibody conjugated MNPs.

Figure 3. TEM images of the (a) streptavidin coated MNPs and (b) antibody conjugated MNPs.

Figure 4. Comparison of the fluorescence intensities recorded for the immunocomplexes hybridised to the 
ssDNA probes immobilised on the streptavidin coated surface of the microtiter plate heterogeneously (rhombi) 
and that of the MNPs semi-homogenously (circles).
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The merits of using a microchannel including the lower consumption of samples and expensive reagents, port-
ability and lower detection limits motivated us to perform the immunofluorescence experiments in a microchan-
nel. The MNPs should be concentrated on a defined region of the microchannel to reduce the searching area by 
enhancing the surface localisation of the captured targets and consequently facilitating the fluorescence emission 
recording. The results of the numerical analysis carried out to evaluate the magnetic force acting on the MNPs 
produced by the cubic permanent magnets set up in different configurations are discussed here.

The magnetic particles in the channel are confined in y and z directions to the width and height of the micro-
channel, respectively. Thus, our main concern is what happens to them in the x direction. Though, it is of interest 
to concentrate them on the bottom surface of the microchannel.

Figure 5b and f compares the vector representation form of Fm in symmetric (2–2) and asymmetric (1–3) 
configurations as shown schematically in Fig. 5a and e, respectively. No particle can stay at the points where 
Fmvectors diverge. On the other hand, particles tend to aggregate around the points where Fm vectors converge, 
since the magnetic force directs them towards that point. The latter condition is of importance in our application. 
In the asymmetric configuration, the aforementioned regions are shifted in z direction towards the smaller mag-
net. Thus, if the channel is situated close enough to the larger magnet; no zero force regions are formed along the 
channel other than the central one.

To study the different configurations in a quantitative manner, x component of (B·∇)B was extracted from the 
simulation results at different z values. Figure 5c and g show the x component of (B·∇)B for the 2–2 symmetric 
and 1–3 asymmetric configurations at z = −1.75 to 1.75 mm with 0.5 mm steps. At z = 0 mm, one obvious zero 
is seen at x = 0 mm. For x > 0, negative values of x component of (B·∇)B, a negative force is exerted on a super-
paramagnetic particle on the right hand side of the channel attracting it towards the centre and for x < 0, positive 
values of x component of (B·∇)B, a positive force is exerted on a superparamagnetic particle on the left hand 
side of the channel attracting it towards the centre. The curves contain two extrema except for the cases where z 
is close enough to either top or bottom magnets. For instance, at z = −1.75 mm and z = 1.75 mm two additional 
extrema emerges close to the vertical edges of the magnets.

Figure 5d shows the x component of (B·∇)B for the 2–2 symmetric configuration at z = −1.75 to 1.75 mm 
with 0.5 mm steps in logarithmic scale. More zeros are observable in logarithmic scale around x = −10 mm. Due 
to the structural symmetry with respect to the yz plane; more zeros are expected around x = 10 mm, similarly. 
Those are unwanted concentration regions along the microchannel.

Figure 5h shows the x component of (B·∇)B for the 1–3 asymmetric configuration at z = −1.75 to 1.75 mm 
with 0.5 mm steps in logarithmic scale. In this case, no unwanted zero emerges for z < 0 or in the bottom half of 
the gap between the magnets. Therefore, the asymmetric configuration is appropriate to concentrate the super-
paramagnetic particles at the centre of the microchannel where there is the only one zero for Fx in the bottom half 
of the gap, close to the larger magnet. This is the proper z range for the microchannel.

Figure 6 shows the effect of asymmetry in the magnetic configuration on Fx. To minimise the number of the 
cubic magnets used in the configuration, we put one magnet on the top, a = 1, and adjusted the number of mag-
nets at the bottom, b = 1 to 5, Fig. 6a. In Fig. 6 rightwards and leftwards Fx at each point are illustrated by red and 
blue, respectively. For all configurations, the blue area for x > 0 meets the red area for x < 0 at the centre where the 
particles are expected to get concentrated. Also, elliptical regions of opposite force are seen on both regions. Their 
size and position depend on the amount of asymmetry. For these regions, converging Fx is observed on a portion 
of the border. That means the particles are concentrated at the intersections of the microchannel and those bor-
ders, leading to the formation of unwanted concentration regions. If the elliptical regions are situated above or 
below the microchannel, those intersections can be avoided and consequently no unwanted concentration region 
emerges. This can be done by adjusting the configuration including the magnets and microchannel position.

For 1–1 configuration, 50%, the centre of the elliptical regions are exactly situated at z = 0. By increasing the 
asymmetry up to 1–3 configuration, 75%, the regions are shifted upwards and they are situated above z = 0. The 
shift is negligible for further increase in the asymmetry. According to these results, the microchannel can be 
situated below z = 0 to form the unique concentration region at the centre. We chose z = −1 mm for the bottom 
surface of the microchannel. It should be noted that no significant change in the size and distance of the elliptical 
regions along x axis is observable for these configurations.

Figure 6b compares the situation of the elliptical regions of the opposite Fx for the cases where b = 5 and a = 1 
to 5. The size and distance of the regions along x axis increases, as a increases. It is concluded that in an asymmet-
ric configuration, the height of the smaller magnet dominantly affects the size and distance of the regions along 
x axis.

Figure 7a shows the x component of (B·∇)B for a = 1 and b = 1 to 8 at z = −1 mm, the bottom surface of the 
microchannel. The magnitude of the x component of (B·∇)B increases as b increases. However, the increase is 
negligible for b > 3. Moreover, the magnitude of the z component of (B·∇)B follows the similar trend as seen in 
Fig. 7b. Based on these results, we chose 1–3 magnetic configuration for the next steps of the study. The magni-
tude of the force exerted on the particles affects the time required to achieve the appropriate concentration on the 
sensing zone. The details of this aspect are beyond the scope of this work.

We evaluated the detection limit of the set-up composed of 4 cubic magnets, 1–3 asymmetric magnetic con-
figuration, in a qualitative manner using different PSMA protein dilutions in the range of 0.7–20 nM. Figure 8a–f 
shows the images of the concentrated immunocomplexes on the sensing zone for samples of 0.7, 1.5, 3, 5, 10, and 
20 nM PSMA proteins. The images were taken at a fixed exposure and the pixel intensities were used to perform 
a quantitative analysis using Image J software as shown in Fig. 9. The concentrations of down to 0.7 nM can be 
observed using the fluorescence microscope. This value is lower than the critical threshold of the prostate cancer 
risk, 3 nM.

The selectivity of the introduced approach was also examined using serum samples of 0, 1, and 20 nM PSMA 
concentrations. As shown in Fig. 10a–c, the set-up provides a good selectivity towards PSMA, the target protein, 
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Figure 5. (a) schematic representation, (b) Normalised force vectors in the cross-sectional xz plane, (c and d) 
the x component of (B·∇)B for 2–2 symmetric magnetic configurations at z = −1.75 to 1.75 mm with 0.5 mm 
steps, (e) schematic representation (f) Normalised force vectors in the cross-sectional xz plane, (g and h) the x 
component of (B·∇)B for 1–3 asymmetric magnetic configurations at z = −1.75 to 1.75 mm with 0.5 mm steps. 
All dimensions are in mm.
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where there are different types of other proteins in the serum. The results verify that no false statement was gen-
erated utilising the two monoclonal antibodies specific to PSMA antigen.

Conclusions
In summary, we provide a hybrid magnetic-DNA directed immobilisation approach to enhance protein capture 
and detection within microfluidic platforms. Finite element analysis was used to study the magnetic configuration 
design and improve it. The influence of asymmetry on defining the efficient sensing zone was investigated and 
an appropriate magnetic set-up composed of 4 cubic magnets and a microchannel was implemented. The exper-
imental results are also promising and indicate that the usage of magnetic nanoparticels helps to overcome the 
common mass transport limitation of surface-based detections, since the reaction of components is performed 
semi-homogeneously. As a proof-of-concept prostate-specific membrane antigen with concentrations down to 
0.7 nM was detected successfully using the implemented set-up. The proposed approach providing a suitable 
detection limit and good selectivity can be utilised in clinical assays and disease diagnosis systems. The achieve-
ments pave the way for a new generation of magnetic nanoparticle-based biosensors.

Experimental
Materials. We utilised the PSMA-specific monoclonal antibodies (D2B47 and 2G748) generated in mouse, 
its antigen (SLIN tagged GCPII (44–750)), 100 nm Streptavidin coated MNPs (purchased from Ademtech) 
and biotin and amine functionalised DNA oligonucleotides (purchased from Integrated DNA Technologies, 
HPLC purity). Streptavidin coated microtiter plates and AlexaFluor® 488 Monoclonal Antibody Labeling Kit 
were obtained from ThermoFisher Scientific. Antibody-oligonucleotide conjugation kit was purchased from 
SoluLink (San Diego, CA). Sylgard 184 poly (dimethylsiloxane) (PDMS) and its curing agent were bought from 
Dow Corning. Negative photoresist, SU-8 2075 was purchased from Microchem. Cubic, Neodymium magnets, 
5 × 5 × 5 mm, were purchased from supermagnete, Germany to concentrate MNPs on the surface. All other 
chemicals were obtained from Sigma-Aldrich.

The size distribution and zeta-potential of each formulation were determined with dynamic light scattering (DLS) 
(Malvern Zetasizer Nano ZS, UK). The fluorescence images were recorded with a fluorescence microscope (Nikon, 

Figure 6. Dependence of the size and position of the elliptical regions of opposite Fx on the magnetic 
configuration asymmetry for cases of (a) 1–1, 1–2, 1–3, 1–4, and 1–5 and (b) 1–5, 2–5, 3–5, 4–5, and 5–5.
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Eclipse TE2000-S, Japan) and the fluorescence intensity in a 96-well microtiter plate was measured using a fluores-
cence plate reader (Cytation 3, Biotek, USA). The antibody conjugated MNPs were imaged using a Zeiss-EM10C 

Figure 7. (a) x component and (b) z component of (B·∇)B for a = 1 and b = 1 to 8 at z = −1 mm along the 
microchannel.

Figure 8. Fluorescence images of the concentrated immunocomplexes on the sensing zone of 1–3 set-up for 
samples of (a) 20 nM, (b) 10 nM, (c) 5 nM, (d) 3 nM, (e) 1.5 nM and (f) 0.7 nM PSMA protein concentrations in 
the buffer solution.



www.nature.com/scientificreports/

9Scientific RepoRts | 7: 194  | DOI:10.1038/s41598-017-00268-8

Transmission Electron Microscope (TEM) operated at 80 kV accelerating voltage. The specimen of TEM was prepared 
by placing 1 mg/ml aqueous suspension of antibody conjugated MNPs on the carbon coated copper grids.

Fabrication of the microchannel. The microchannel was fabricated using polydimethylsiloxane (PDMS) 
by soft lithography technique. For this purpose, the SU-8 photoresist was spin coated on the silicon wafer to 
achieve the desired thickness. After soft baking to evaporate the solvent and densify the film, the substrate was 
exposed to UV light through the photomask consisted of a 200 µm-wide and 3 cm-long microchannel and post 
baked. Finally, the master mould was formed by wet etching. Afterwards, PDMS pre-polymer and its curing agent 
were mixed in a 10:1 ratio (w/w), poured on the mould and cured (80 °C, 1 hour). The PDMS slab was released 
from the mould and the inlet and outlet ports were punched into it. It was the bonded onto a glass slide to form 
the microchannel.

DNA-antibody conjugation. To create a DNA-labelled antibody, antibody and oligos must be completely 
desalted and buffer exchanged into pH 8.0 phosphate buffered saline (PBS) using ZebaTM desalt spin columns. 
Succinimidyl-4-formylbenzamide (S-4FB) in Dimethylformamide (DMF) was added to the 5’aminated oligomers 
(NH2-CAA AAC AGC AGC AAT CCA ATG CGC AGA CAC CCG ATT ACA AAT GC) in PBS and incubated 
at room temperature for 2 hours to allow the reagents to react with the amino-oligo. Separately, succinimidyl
-6-hydrazino-nicotinamide (S-HyNic) in DMF was added to 2.8 mg/ml of antibodies at a molar ratio of 15-fold 
of S-HyNic to the antibody. Excess S-HyNic and S-4FB were removed and samples were buffer exchanged into 
pH 6.0 PBS using ZebaTM column. Derivatised DNA and antibodies were then combined and allowed to react at 
room temperature for 2 hours and desalted in PBS using ZebaTM column.

Synthesis of ssDNA conjugated surface. The immobilisation of ssDNA on the surface was performed 
using the streptavidin coated surface, either MNPs or microtiter plate, and biotin-conjugated oligonucleotide, 
5′-biotin- G CAT TTG TAA TCG GGT GTC TGC GCA TTG GAT. For the synthesis of ssDNA conjugated 
MNPs, the reaction mixture consisted of 0.5 mg/ml of streptavidin coated MNPs, biotinylated DNA oligonu-
cleotides, 5 mM-Tris, 0.5 mM-EDTA, 1 M-NaCl and 0.05% tween 20 was prepared and incubated for 30 min 
at 37 °C. The product was then rinsed twice with Tris-buffered saline, 25 mM-Tris, 150 mM-NaCl, 0.1% BSA, 
0.05% Tween-20, pH 7.2, to remove any impurities. For comparison, the ssDNA conjugation on the surface of the 
streptavidin coated microtiter plate was performed similarly without MNPs.

Immunoassay experiment. To compare the semi-homogenous and heterogeneous immunoassay meth-
ods, we performed the experiments on the streptavidin coated MNPs and the streptavidin coated 96-well micr-
otiter plates, respectively. For the semi-homogenous method, the ssDNA conjugated MNPs, ssDNA conjugated 

Figure 9. The response of the assay for PSMA antigen in the range of 0.7–20 nM, showing the detection limit of 
0.7 nM.

Figure 10. Fluorescence images of the concentrated immunocomplexes on the sensing zone of 1–3 set-up for 
serum samples of (a) 0 nM, (b) 1 nM, and (c) 20 nM PSMA concentrations verifying the selectivity towards 
PSMA.
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antibodies to be linked to the magnetic beads, PSMA antigen, and AlexaFluor-488 conjugated 2G7 antibodies 
were mixed in a microtube and incubated at 37 °C for 3 hours. After washing, the products were transferred to 
a 96-well microtiter plate and the fluorescence intensity was measured using a fluorescence plate reader. For the 
heterogeneous method, the procedure was similar except that the components were mixed and incubated in a 
96-well microtiter plate coated with streptavidin and the conjugated ssDNA instead of using the ssDNA conju-
gated MNPs.

For the immunoassay experiments in the microchannel, the components including the ssDNA conjugated 
MNPs were mixed and incubated at 37 °C. The complex was then magnetically washed and concentrated over 
the sensing zone of the microchannel using the designed magnetic configuration. Afterwards, the fluorescence 
emission was recorded with a fluorescence microscope.

It should be mentioned that the serum sample was prepared with the approved protocol of ethics and with the 
consent of the donor.

References
 1. Giljohann, D. A. & Mirkin, C. A. Drivers of biodiagnostic development. Nature 462, 461–464 (2009).
 2. Rissin, D. M. et al. Single-molecule enzyme-linked immunosorbent assay detects serum proteins at subfemtomolar concentrations. 

Nat. Biotechnol. 28, 595–599 (2010).
 3. Reymond, F., Vollet, C., Plichta, Z. & Horák, D. Fabrication and characterization of tosyl-activated magnetic and nonmagnetic 

monodisperse microspheres for use in microfluic-based ferritin immunoassay. Biotechnol. Prog. 29, 532–542 (2013).
 4. Edwards, Ka & Baeumner, A. J. Enhancement of Heterogeneous Assays Using Fluorescent Magnetic Liposomes. Anal. Chem. 86, 

6610–6616 (2014).
 5. Lee, Y.-F., Lien, K., Lei, H. & Lee, G. An integrated microfluidic system for rapid diagnosis of dengue virus infection. Biosens. 

Bioelectron 25, 745–752 (2009).
 6. Teste, B. et al. A chemometric approach for optimizing protein covalent immobilization on magnetic core–shell nanoparticles in 

view of an alternative immunoassay. Talanta 81, 1703–1710 (2010).
 7. Wang, Y., Dostalek, J. & Knoll, W. Magnetic Nanoparticle-Enhanced Biosensor Based on Grating-Coupled Surface Plasmon 

Resonance. Anal. Chem. 83, 6202–6207 (2011).
 8. Nash, Ma, Waitumbi, J. N., Hoffman, A. S., Yager, P. & Stayton, P. S. Multiplexed Enrichment and Detection of Malarial Biomarkers 

Using a Stimuli-Responsive Iron Oxide and Gold Nanoparticle Reagent System. ACS Nano 6, 6776–6785 (2012).
 9. Chemla, Y. R. et al. Ultrasensitive magnetic biosensor for homogeneous immunoassay. Proc. Natl. Acad. Sci. 97, 14268–14272 

(2000).
 10. Ravindranath, S. P., Mauer, L. J., Deb-Roy, C. & Irudayaraj, J. Biofunctionalized Magnetic Nanoparticle Integrated Mid-Infrared 

Pathogen Sensor for Food Matrixes. Anal. Chem. 81, 2840–2846 (2009).
 11. Wang, J., Munir, A., Zhu, Z. & Zhou, H. S. Magnetic Nanoparticle Enhanced Surface Plasmon Resonance Sensing and Its Application 

for the Ultrasensitive Detection of Magnetic Nanoparticle-Enriched Small Molecules. Anal. Chem. 82, 6782–6789 (2010).
 12. Jie, G., Wang, L., Yuan, J. & Zhang, S. Versatile Electrochemiluminescence Assays for Cancer Cells Based on Dendrimer/

CdSe–ZnS–Quantum Dot Nanoclusters. Anal. Chem. 83, 3873–3880 (2011).
 13. Singh, A., Dilnawaz, F. & Sahoo, S. K. Long Circulating Lectin Conjugated Paclitaxel Loaded Magnetic Nanoparticles: A New 

Theranostic Avenue for Leukemia Therapy. PLoS One 6, e26803 (2011).
 14. Schroeder, A. et al. Treating metastatic cancer with nanotechnology. Nat. Rev. Cancer 12, 39–50 (2011).
 15. Hu, J., Qian, Y., Wang, X., Liu, T. & Liu, S. Drug-Loaded and Superparamagnetic Iron Oxide Nanoparticle Surface-Embedded 

Amphiphilic Block Copolymer Micelles for Integrated Chemotherapeutic Drug Delivery and MR Imaging. Langmuir 28, 2073–2082 
(2012).

 16. Bao, J. et al. Bifunctional Au-Fe3O4 Nanoparticles for Protein Separation. ACS Nano 1, 293–298 (2007).
 17. Park, H. et al. Fabrication of Magnetic Core@Shell Fe Oxide@Au Nanoparticles for Interfacial Bioactivity and Bio-separation. 

Langmuir 23, 9050–9056 (2007).
 18. Beveridge, J. S., Stephens, J. R., Latham, A. H. & Williams, M. E. Differential Magnetic Catch and Release: Analysis and Separation 

of Magnetic Nanoparticles. Anal. Chem. 81, 9618–9624 (2009).
 19. Dubus, S. et al. PCR-Free DNA Detection Using a Magnetic Bead-Supported Polymeric Transducer and Microelectromagnetic 

Traps. Anal. Chem. 78, 4457–4464 (2006).
 20. Barbee, K. D. & Huang, X. Magnetic Assembly of High-Density DNA Arrays for Genomic Analyses. Anal. Chem. 80, 2149–2154 

(2008).
 21. Loaiza, Ó. A. et al. Gold coated ferric oxide nanoparticles based disposable magnetic genosensors for the detection of DNA 

hybridization processes. Biosens. Bioelectron 26, 2194–2200 (2011).
 22. Esmaeili, E. et al. Dual improvement of DNA-directed antibody immobilization utilizing magnetic fishing and a polyamine coated 

surface. RSC Adv. 6, 111210–111216 (2016).
 23. Cannon, B., Campos, A. R., Lewitz, Z., Willets, K. A. & Russell, R. Zeptomole detection of DNA nanoparticles by single-molecule 

fluorescence with magnetic field-directed localization. Anal. Biochem. 431, 40–47 (2012).
 24. Iranifam, M. Analytical applications of chemiluminescence systems assisted by carbon nanostructures. TrAC Trends Anal. Chem. 

80, 387–415 (2016).
 25. Ramsden, J. J. Puzzles and paradoxes in protein adsorption. Chem. Soc. Rev. 24, 73 (1995).
 26. Fainerman, V., Lucassen-Reynders, E. & Miller, R. Adsorption of surfactants and proteins at fluid interfaces. Colloids Surfaces A 

Physicochem. Eng. Asp. 143, 141–165 (1998).
 27. Wacker, R., Schröder, H. & Niemeyer, C. M. Performance of antibody microarrays fabricated by either DNA-directed 

immobilization, direct spotting, or streptavidin–biotin attachment: a comparative study. Anal. Biochem. 330, 281–287 (2004).
 28. Chevolot, Y. et al. DNA-Based Carbohydrate Biochips: A Platform for Surface Glyco-Engineering. Angew. Chemie Int. Ed. 46, 

2398–2402 (2007).
 29. Wacker, R. & Niemeyer, C. M. DDI-μFIA-A Readily Configurable Microarray-Fluorescence Immunoassay Based on DNA-Directed 

Immobilization of Proteins. ChemBioChem 5, 453–459 (2004).
 30. Seymour, E. et al. DNA-Directed Antibody Immobilization for Enhanced Detection of Single Viral Pathogens. Anal. Chem. 87, 

10505–10512 (2015).
 31. Zborowski, M., Sun, L., Moore, L. R., Stephen Williams, P. & Chalmers, J. J. Continuous cell separation using novel magnetic 

quadrupole flow sorter. J. Magn. Magn. Mater. 194, 224–230 (1999).
 32. Gupta, A. K. et al. Anomalous resonance in a nanomechanical biosensor. Proc. Natl. Acad. Sci. 103, 13362–13367 (2006).
 33. Bange, A., Halsall, H. B. & Heineman, W. R. Microfluidic immunosensor systems. Biosens. Bioelectron 20, 2488–2503 (2005).
 34. Yang, D. et al. Electrospun Nanofibrous Membranes: A Novel Solid Substrate for Microfluidic Immunoassays for HIV. Adv. Mater. 

20, 4770–4775 (2008).
 35. Wang, J. Portable electrochemical systems. TrAC Trends Anal. Chem. 21, 226–232 (2002).



www.nature.com/scientificreports/

1 1Scientific RepoRts | 7: 194  | DOI:10.1038/s41598-017-00268-8

 36. Pamme, N. Continuous flow separations in microfluidic devices. Lab Chip 7, 1644 (2007).
 37. Sajeesh, P. & Sen, A. K. Particle separation and sorting in microfluidic devices: a review. Microfluid. Nanofluidics 17, 1–52 (2014).
 38. Munir, A., Wang, J., Zhu, Z. & Susan Zhou, H. Mathematical Modeling and Analysis of a Magnetic Nanoparticle-Enhanced Mixing 

in a Microfluidic System Using Time-Dependent Magnetic Field. IEEE Trans. Nanotechnol. 10, 953–961 (2011).
 39. Suzuki, H., Ho, C.-M. & Kasagi, N. A Chaotic Mixer for Magnetic Bead-Based Micro Cell Sorter. J. Microelectromechanical Syst. 13, 

779–790 (2004).
 40. Pamme, N. Magnetism and microfluidics. Lab Chip 6, 24–38 (2006).
 41. Cao, Q., Han, X. & Li, L. Configurations and control of magnetic fields for manipulating magnetic particles in microfluidic 

applications: magnet systems and manipulation mechanisms. Lab Chip 14, 2762 (2014).
 42. Abonnenc, M., Gassner, A., Morandini, J., Josserand, J. & Girault, H. H. Magnetic track array for efficient bead capture in 

microchannels. Anal. Bioanal. Chem. 395, 747–757 (2009).
 43. Arter, Ja et al. Virus-polymer hybrid nanowires tailored to detect prostate-specific membrane antigen. Anal. Chem. 84, 2776–2783 

(2012).
 44. Liu, J., Lu, C.-Y., Zhou, H., Xu, J.-J. & Chen, H.-Y. Flexible Gold Electrode Array for Multiplexed Immunoelectrochemical 

Measurement of Three Protein Biomarkers for Prostate Cancer. ACS Appl. Mater. Interfaces 6, 20137–20143 (2014).
 45. Campbell, P. Permanent magnet materials and their application. Cambridge Univ. Press, doi:10.1017/CBO9780511623073 (1996).
 46. Gassner, A. et al. Magnetic forces produced by rectangular permanent magnets in static microsystems. Lab Chip 9, 2356 (2009).
 47. Colombatti, M. et al. The Prostate Specific Membrane Antigen Regulates the Expression of IL-6 and CCL5 in Prostate Tumour Cells 

by Activating the MAPK Pathways1. PLoS One 4, e4608 (2009).
 48. Knedlík, T. et al. Detection and quantitation of glutamate carboxypeptidase II in human blood. Prostate 74, 768–780 (2014).

Acknowledgements
This work was financially supported by Iran National Scientific Foundation (INSF) through the Grant Number 
92037030. The authors are grateful to Prof. Marco Colombatti (University of Verona, Italy) for providing purified 
D2B anti-PSMA antibody and to Prof. Jan Konvalinka (Charles University, Czech Republic) for providing the 
PSMA-specific monoclonal antibody, 2G7 and its antigen (SLIN tagged GCPII (44-750)).

Author Contributions
E.E. and M.A.G. designed and performed the experiments and simulations and analysed the results by the 
guidance of M.V. and M.S. as the supervisors.

Additional Information
Competing Interests: The authors declare that they have no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

This work is licensed under a Creative Commons Attribution 4.0 International License. The images 
or other third party material in this article are included in the article’s Creative Commons license, 

unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license, 
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this 
license, visit http://creativecommons.org/licenses/by/4.0/
 
© The Author(s) 2017

http://dx.doi.org/10.1017/CBO9780511623073
http://creativecommons.org/licenses/by/4.0/

	Hybrid Magnetic-DNA Directed Immobilisation Approach for Efficient Protein Capture and Detection on Microfluidic Platforms
	Numerical simulations
	Results and Discussion
	Conclusions
	Experimental
	Materials. 
	Fabrication of the microchannel. 
	DNA-antibody conjugation. 
	Synthesis of ssDNA conjugated surface. 
	Immunoassay experiment. 

	Acknowledgements
	Figure 1 Schematic representation of the immunocomplex preparation in solution using DDI method.
	Figure 2 Hydrodynamic diameter distribution of the MNPs determined by DLS measurements: (a) streptavidin coated MNPs (b) ssDNA conjugated MNPs, and (c) anti-PSMA antibody conjugated MNPs.
	Figure 3 TEM images of the (a) streptavidin coated MNPs and (b) antibody conjugated MNPs.
	Figure 4 Comparison of the fluorescence intensities recorded for the immunocomplexes hybridised to the ssDNA probes immobilised on the streptavidin coated surface of the microtiter plate heterogeneously (rhombi) and that of the MNPs semi-homogenously (cir
	Figure 5 (a) schematic representation, (b) Normalised force vectors in the cross-sectional xz plane, (c and d) the x component of (B∇)B for 2–2 symmetric magnetic configurations at z = −1.
	Figure 6 Dependence of the size and position of the elliptical regions of opposite Fx on the magnetic configuration asymmetry for cases of (a) 1–1, 1–2, 1–3, 1–4, and 1–5 and (b) 1–5, 2–5, 3–5, 4–5, and 5–5.
	Figure 7 (a) x component and (b) z component of (B∇)B for a = 1 and b = 1 to 8 at z = −1 mm along the microchannel.
	Figure 8 Fluorescence images of the concentrated immunocomplexes on the sensing zone of 1–3 set-up for samples of (a) 20 nM, (b) 10 nM, (c) 5 nM, (d) 3 nM, (e) 1.
	Figure 9 The response of the assay for PSMA antigen in the range of 0.
	Figure 10 Fluorescence images of the concentrated immunocomplexes on the sensing zone of 1–3 set-up for serum samples of (a) 0 nM, (b) 1 nM, and (c) 20 nM PSMA concentrations verifying the selectivity towards PSMA.




