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We present a novel magnetic system in microfluidic channels for fast and effective isolation of 

simple sequence repeat markers. 
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Simple sequence repeat (SSR) markers are widely used for genome mapping, genetic diversity 

characterization and medical diagnosis. The fast isolation by AFLP of sequence containing 

repeats (FIASCO) is a powerful method for SSR marker isolation, but it is laborious, costly, 

and time consuming and requires multiple rounds of washing. Here, we report a 

superparamagnetic bead (SPMB)-based FIASCO method in a magnetic field controllable 

microfluidic chip (MFCM-Chip). This method dramatically reduces the assay time by 4.25-

fold and reduces the quantity of magnetic beads and probes by 10-fold through the magnetic capture 

of (AG)n-containing fragments from Herba Leonuri, followed by washing and eluting on a 

microchip. The feasibility of this method was further evaluated by PCR and sequencing, and 

the results showed that the proportion of fragments containing SSRs was 89%, confirming that 

this platform is a fast and efficient method for SSR marker isolation. This cost-effective 

platform will make the powerful FIASCO technique more accessible for routine use with a 

wide variety of materials. 

 

Introduction 

Various types of molecular markers have been developed, including 

simple sequence repeats (SSRs), amplified fragment length 

polymorphisms (AFLPs), and randomly amplified polymorphic 

DNAs (RAPDs) 1. The use of these molecular markers has 

contributed significantly to gene mapping, genetic variation assays, 

and medical diagnostics 2-4. SSRs, which are also known as 

microsatellites, usually comprise a sequence of 2, 3, or 4 nucleotides 
that is repeated 3 to 100 times. The use of SSRs has become 

increasingly popular because of their high polymorphism and 

abundance in the genome, high reproducibility and easy data scoring 

and co-dominance 5, 6. However, unlike AFLPs, RAPDs and other 

markers, SSR markers are species specific and must be isolated de 

novo from the species analyzed for the first time 7. 

Fast isolation by AFLP of sequence containing repeats 

(FIASCO) is a widely used tool for SSR marker isolation 7. In a 

conventional FIASCO procedure, SSR-containing fragments are 

selectively hybridized to biotinylated microsatellite probes and 

captured by streptavidin-magnetic beads. The DNA-probe-bead 

complexes are then separated from the hybridization mixture by a 

magnetic field, and the nonspecifically bound DNAs are removed by 

multiple rounds of washing. It consumes a large number of reagents 

and involves complex and tedious manual processes such as mixing, 

tube-transfer, and pipetting in an Eppendorf tube during the pivotal 

magnetic bead-based selection step. The long manual wash time 

tends to cause substantial material loss, and inefficient washing 

results in a large proportion of nonspecific DNA. Substantial 

operator experience and careful manipulation of a small amount of 

target DNA and magnetic beads are required. 

Microfluidic technology can integrate multiple laboratory 

functions on a small, closed chip, enabling the manipulation of 

extremely small amounts of liquids and particles 8. A number of 

novel physical phenomena that occur on the microscale can make 

highly pure molecule separation and highly sensitive detection 

within a dramatically shorter period of time. In addition, this method 

has the advantages of automation, and lower reagent consumption 

and cost 9. Recently, microfluidic technology has been extensively 

explored to automate miniature devices and systems for biological 

and medical analyses, including fluorescence in situ hybridization 

(FISH) mapping, chromatin immunoprecipitation (ChIP), and 

aptamer selection 10-13. Magnetic beads are easy to manipulate and 

functionalize, and are widely used in many fields. Combining 

microfluidic chip technology with magnetic beads has many 

advantages compared with the traditional magnetic bead-based 

method in an Eppendorf tube 14-16. Gijset al. used two magnets to 

trap the magnetic nanoparticles to form the chains for immunoassay 

and could detect antibodies with very low concentrations 17. Three 

pairs of magnets were used to trap different antibody modified 

magnetic beads and generate three plugs for simultaneous detection 

of several proteins 18. Viovy et al. used the magnetic bead plugs for 

protein digestion and obtained high digestion efficiency 19. 

Integrating microfluidic chip technology with a magnetic bead-

based FIASCO procedure might represent an improvement over the 

Eppendorf tube method. However, efficient control of the magnetic 

bead in a microfluidic chip at high flow velocity is a prerequisite for 

magnetic bead-based applications. We previously developed a 

device in which superparamagnetic beads (SPMBs) could be 

captured at high velocity for bioanalysis 20, 21. In this study, we 

proposed an SPMB-based FIASCO method in a magnetic field-

controllable microfluidic chip (MFCM-Chip). As a proof-of-concept, 

this device was used to separate (AG)n-containing fragments from 

Herba Leonuri. The MFCM-Chip decreased the quantity of magnetic 

beads and probes by 10-fold and decreased the labour time by 4.25-

fold. Subsequent PCR and sequencing analysis demonstrated that the 

proportion of SSR-containing fragments was 89%, confirming that 

this method is fast and efficient for SSR marker isolation. The 

MFCM-Chip could be reused repeatedly only by a simple ultrasonic 

washing process. This device takes advantage of the unique 
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phenomena of microscale reactions, and we believe this cost-

effective platform will make the powerful FIASCO technique more 

accessible for routine use with a wide variety of materials.  

Experimental Section 

The entire procedure is illustrated in Figure 1, and the methods 

for preparing streptavidin-coated superparamagnetic beads and 

DNA-probe complexes, designing and fabricating the MFCM-

Chip, and sequencing and analysing the SSR are included in the 

Electronic Supplementary Information (ESI). The whole 

MFCM-Chip was assembled using valve control channels, 

fluidic channels, a nickel pattern, two permanent magnets, 

semiconductor heating, and a PT100 temperature sensor (Fig. 1 

and Fig. S1). The two permanent magnets provided the external 

magnetic field, and the nickel pattern was able to generate high 

magnetic field gradients for SPMB capture. The denaturation 

efficiency of the FIASCO method is strongly affected by 

temperature, and thus, the temperature in the channel must be 

calibrated. As shown in Figure 1, the temperature calibration 

was controlled by a homemade temperature testing system in 

which a semiconductor was used for heat and the temperature 

was detected by a PT100 temperature sensor.  

 

Fig.1 A schematic illustration of the entire magnetic isolation procedure 

for SSR markers. 

Results and discussion 

Overview of the SPMB-based FIASCO method in an MFCM-

Chip 

In this study, we proposed an SPMB-based FIASCO method in an 

MFCM-Chip to separate (AG)n-containing fragments from Herba 

Leonuri (Fig. S2). The isolation assay began with the preparation of 

DNA-probe hybrids (Fig. S2a) and SA-SPMBs (Fig. S3a). Herba 

Leonuri genomic DNA was digested with the restriction enzyme 

MseI, and fragments ranging from 200 to 800 bp were ligated to 

adaptors (MseI A and MseI B). The ligation mixture was then 

amplified with the specific primer MseI-N. Microsatellite-containing 

fragments were selectively hybridized to biotinylated microsatellite 

probes. The synthesized SA-SPMBs and DNA-probe hybrids were 

separately loaded into the MFCM-Chip (Fig. S2b). The 

microsatellite-containing fragments were separated after incubation, 

washing, and denaturation. The entire magnetic separation process in 

the MFCM-Chip required about 20 min. Finally, the fragments were 

cloned and sequenced to obtain SSR markers (Fig. S2c). 

Characterization of SA-SPMBs by DLS 

SPMBs have been widely applied to isolate biological materials, 

particularly in miniaturized and automated settings, because of their 

small size, easy manipulation by magnets, and their ability to be 

functionalized by ligands or biomolecules such as antibodies, 

streptavidin (SA), DNA/RNA, or other molecules 14-16. When 

SPMBs are coupled with SA, they offer an efficient means of 

isolating biotinylated molecules 22, 23. In this study, SPMBs with 

carboxyl groups were conjugated with SA (Fig. S3a). The average 

hydrodynamic diameter of the SPMBs was approximately 526.4 ± 

15.4 nm, with a PDI (polydispersity index) of 0.063, suggesting that 

the SPMBs were monodispersed with fairly uniform sizes (Fig. S3b). 

The mean hydrodynamic diameter of the SA-SPMBs was 719.5 ± 

4.6 nm, with a narrow size distribution (PDI 0.051, Fig. S3b). This 

diameter is greater than that of the SPMBs, indicating that SA was 

conjugated to the SPMBs. In addition, the synthesized SA-SPMBs 

were smaller than commercially available SA-magnetic beads (1-2 

µm) 24, potentially reducing steric hindrance and increasing binding 

capacity during hybridization with biotinylated probes. 

Simulating the absolute value of the magnetic field gradient 

(|��|) 
Inducing a strong local magnetic field gradient is a prerequisite for 

controlling SPMB patterns in microfluidic chips at high flow 

velocities 25, 26. On the basis of our previous work 20, 21, we employed 

a nickel pattern embedded in thin poly (dimethylsiloxane) 

prepolymer (PDMS) to control the magnetic field distribution in the 

microfluidic chip. We used COMSOL Multiphysics 4.3 to simulate 

the absolute value of the magnetic field gradient (|��|) in the area of 

the nickel pattern. In the simulation, the microfluidic chip was 

placed 3.5 mm above the two permanent magnets. The two magnets 

were put under each side of the microchannel (the gap between the 

two magnets was 6 mm) and generated an ‘NS’ pole (as the direction 

of Y-axis) magnetic field through the microchannel, which could 

also be seen in Figure 1. The nickel patterns were about 9 µm height, 

and the thin PDMS on the nickel patterns was about 1-2 µm, which 

did not influence the magnetic field gradients induced by nickel 

patterns. According to the properties of the permanent magnets, the 

remnant magnetic flux density (�� ) is 1.17 T, and the relative 

permeability (��) is 1.05. The result of the simulation indicated the 

presence of a high magnetic field gradient (|��|)) at the nickel 

pattern units (Fig. S4a), due to the relative magnetic permeability of 

nickel (��  (nickel)≈200) is a great contrast to that of fluid (�� (buffer)≈ 1) 
27. The absolute value of the magnetic field gradient (|��|)) could be 

described by the following equation 24,25: 

|��| � 	
����
� � 
����

�
 

The (|��|) was approximately 40000 ~ 50000 T·m-1 (Fig. S4b) at the 

nickel pattern arrays. Thus, the SA-SPMBs at this high magnetic 

field gradient could be captured between the two nickel pattern units 

as the direction of external magnetic field (Y-axis direction), even at 

a high velocity. 

Magnetic separation of SSR-containing fragments in the 

MFCM-Chip 

The MFCM-Chip was placed under an inverted microscope 

(TE2000-U, Nikon, Tokyo, Japan) to monitor the entire process. The 

entire procedure for separating (AG)n-containing fragments from 

Herba Leonuri in the MFCM-Chip is illustrated in Fig. S2b and 

summarized in Table S1. During the magnetic separation process, 

we used the valve to control the sample and washing buffer loading 

processes. The valves were controlled by a programme written with 

Matlab software. After blocking the microfluidic channel with 1% 

BSA, we injected N2 into valves 1, 2, 4, and 5. These valves were 

then closed, and valve 3 was opened (Fig. 2c(A)). About 0.1 mg SA-

SPMBs were loaded into the MFCM-Chip (as shown in Fig. 2a) at a 

speed of 40 µL/min for 5 min with valves 1, 2, 4, and 5 closed. At 

this point, the redundant solution could be discharged from outlet 3 

without contaminating other outlets. Figure 2c(B) shows that valves 

1, 2, and 3 were all closed when N2 was injected, and therefore the 

outlets could not be used. We monitored the nickel pattern area by 

inverted microscopy to determine if the SA-SPMBs could be 
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captured at the pattern. The nickel pattern in the microfluidic 

channel is displayed in Fig. S5a. The SA-SPMBs were captured at 

the nickel pattern areas at a relatively high flow velocity (Fig. S5b). 

 
Fig.2 Sample loading and washing processes in the MFCM-Chip used to 

separate SSR-containing fragments. (a) The SA-SPMB loading process. (b) 

The loading process for the DNA-probe complex and washing solution. (c) 

Ink experiments showing the valve-controlled injection process. A. Valves 1 

and 2 were closed, and valve 3 was open; thus the fluid was blocked at valves 

1 and 2 and could only pass from inlet 3. B. Valves 1, 2, and 3 were closed, 

and thus the fluid was blocked at valves 1, 2, and 3 and could not pass from 

any inlet. 

We changed the inlet and outlet after finishing the SA-SPMB 

loading process, as shown in Fig. S2b. Valves 1, 2, 4, and 5 

remained closed, and valve 3 remained open. TEN100 was loaded 

from inlet 3 to wash the SA-SPMBs to enhance the reactivity of the 

SA-SPMBs with the DNA-probe complexes. The flow velocity was 

set to 20 µL/min, and the washing process lasted for 2 min. Valves 

2, 3, 4, and 5 were then closed, and valve 1 was opened. The DNA-

probe complex samples (5 µL, about 50 ng DNA and 25 nM probe) 

were loaded from inlet 1. DNA-probe loading was first performed at 

5 µL/min for 1 min, and the DNA-probe complexes were then 

incubated with SA-SPMBs in the MFCM-Chip for 2 min. It was 

possible to capture DNA-probe complexes with SA-SPMBs during 

this process because of the high affinity reaction between SA and the 

biotinylated probes. 

After the incubation, we employed different solutions to 

remove nonspecifically bound materials; these materials were more 

efficiently removed by fast continuous washing in microfluidic 

channels compared to the traditional pipetting method in an 

Eppendorf tube. Valves 1, 3, 4, and 5 were closed, and valve 2 was 

opened. The TEN1000 solution was loaded from inlet 2. The whole 

microchannel was washed with TEN1000 at 20 µL/min, and this 

process lasted for 2 min. Valves 1, 2, 3, and 5 were then closed, and 

valve 4 was opened. A 0.2×SSC solution containing 0.1% SDS was 

injected from inlet 4 at 20 µL/min for 2 min, and this stringent 

washing process removed nonspecific binding materials more 

effectively. Actually most of DNAs would be washed off because 

the genome only contains a very low proportion of (AG)n repeats, 

although we did not know exactly (AG)n contents in this genome. 

Finally, valves 1, 2, 3, and 4 were closed, and valve 5 was 

opened. The TE buffer was loaded from inlet 5, and the whole 

microchannel was washed with TE buffer. The TE buffer was 

collected from the outlet before denaturation as a negative control 

for the subsequent PCR experiment. The separation efficiency of 

SSR-containing fragments is strongly affected by temperature. 

Therefore, it was necessary to precisely control the chamber 

temperature. We used a homemade semiconductor heating and 

temperature control device to maintain the temperature at 95 ºC for 

DNA denaturation as shown in Fig. 1. To fully denature the DNA, 

the loading speed of the TE buffer was slowed to 5 µL/min for 5min. 

We collected the TE buffer containing the DNA sample at 95 ºC. 

The entire magnetic separation process in the MFCM-Chip could be 

completed within 20 min. When compared with the conventional 

method, this assay provided an approximately 4.25-fold reduction in 

time and a 10-fold reduction in SPMBs and probes; an even greater 

reduction in washing solution volume was also observed (Table S1). 

Specificity and sensitivity of the magnetic isolation of the SSR 

marker in the MFCM-Chip 

To determine the specificity of the magnetic isolation of the SSR 

markers in the MFCM-Chip, the TE buffers collected before and 

after denaturation were precipitated with ethanol and resuspended in 

ddH2O, respectively, for use as the PCR templates. If the 

biotinylated DNAs were tightly bound to the SA-SPMBs and the 

nonspecific DNAs were completely removed during the washing 

process, PCR products should not be obtained when the TE buffer 

collected before denaturation was used as the template. As expected, 

the TE buffer collected before denaturation did not yield any 

amplified DNA bands when used as the template (Lane 2, Fig. 3a), 

while bands ranging from 200 to 800 bp were observed when the TE 

buffer collected after denaturation was used as the template (Lane 1, 

Fig. 3a). The concentration of DNA marker was 10 ng/µL, and we 

loaded 2 µL DNA marker in a gel electrophoresis experiment, so the 

DNA content was about 20 ng in the marker lane (Fig. 3a). Analysis 

of the brightness of the PCR product bands visualized in Fig. 3a 

(Lane 1) using Quantity One 1-D analysis software showed that the 

yield of PCR was about 100 ng (2.5 µL). Therefore, as the total 

volume of PCR products was 25 µL, the amount of the recovered 

DNA fragments after PCR amplification was about 1000 ng. In the 

traditional FIASCO method, the starting DNAs are about 1000 ng in 

order to get such amount of DNAs after PCR (data not shown). 

These results demonstrated that the nonspecific DNAs were 

completely removed during the washing process and that no free 

DNA was present in the MFCM-Chip. 

 
Fig.3 (a) Gel electrophoresis analysis confirming the specificity of the PCR-

recovered fragments. Lane M: DNA marker (DL 2000); lane 1: PCR-

amplification of specific recovered fragments from the TE solution collected 

after denaturation at 95 °C for 5 min; lane 2: negative control (in which the 

TE solution collected before denaturation was used as the template for PCR). 

(b) The sequence of the clone containing SSRs. The SSR sequences are red, 

and the forward and inverted primer sequences are green. 

To determine if the separated fragments from the MFCM-Chip 

contained any SSRs, we cloned and sequenced these fragments and 

analyzed their sequences with an SSR finder tool. Because biotin-

T10-(AG)13 was used as a probe in this study, we simply counted the 
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repeating AG, GA, TC, or CT units in the sequences. The repeat was 

only designated an SSR locus when the number of repeats in the 

clone sequence was greater than or equal to three of a clone 6. An 

SSR locus may be designed as an SSR marker. We sequenced 27 

DNA fragments, and 24 contained repeating units of AG, GA, TC, 

or CT. Thus, the proportion of positive clones was 89%. These 

results are summarized in Table S2. The positive clones are arrayed 

from 1-24 in the vertical column, and the numbers in the horizontal 

column represent the number of repeats (Table S2). The frequency 

of the number of repeats was counted in every positive clone (Table 

S2). From Table S2, the number of repeats in the 24 clones was all 

greater than or equal to three; some clones contained 1 locus of 

repeat units, and others contained several loci of repeat units. The 

several loci of repeat units in a clone may be designed as several 

SSR markers. For example, clone No.14 (Table S2) had 2 loci with 

repeat units; one was repeated 6 times, while the other was repeated 

7 times. Therefore, the two loci with repeat units in this clone may 

be designed as two SSR markers. 

Removing nonspecific DNAs by pipetting in the traditional 

method usually and easily damages the DNA fragments, making 

them unusable for designing oligonucleotide primers on both sides 

of the SSRs. By controlling the flow rate in the MFCM-Chip, the 

DNA sample was not damaged. The sequence of a representative 

clone (clone No.20, Table S2) is shown in Fig. 3b; the whole 

sequence was intact. The flanking sequences between the SSRs can 

be used to design oligonucleotide primers. If the oligonucleotide 

primers could amplify fragments of different lengths in different 

species, they could be used as markers to further assay genetic 

variations and for other applications. 

In the traditional method, the proportion of positive clones is 

often low and is mainly dependent on the skill of the operator. An 

inexperienced operator may have difficulty obtaining amplification 

fragments, or most of the clones might not contain SSRs. The 

integration of the magnetic bead-based FIASCO method in the 

MFCM-Chip for SSR marker isolation could avoid those drawbacks 

through highly efficient washing and automated controlled 

manipulation within a short period of time. Compared to the 

traditional method, the MFCM-Chip-based assay could dramatically 

reduce reagent consumption and time. This cost-effective platform 

will facilitate microchip-based FIASCO implementation with a wide 

variety of materials. We believe that this device could permit the 

simultaneous isolation of SSR markers from several different 

materials. Its successful application will increase interest in applying 

microfluidic chip technology to other molecular selection processes.  

Conclusions 

In this study, we presented the design, fabrication, and 

characterization of a high-efficiency SSR marker isolation device 

using SPMBs and an MFCM-Chip. The conventional FIASCO 

method, which is conducted in an Eppendorf tube, is laborious, 

costly, and time consuming and requires multiple rounds of washing. 

In contrast to the conventional method, the method proposed here is 

automated, requires lower reagent consumption and less time, and 

can increase the specificity and sensitivity of the results because of 

its highly efficient washing step. Our technology provides a practical 

method for simple and efficient SSR marker isolation using minimal 

reagent volumes without the need for well-trained personnel, and 

this cost-effective platform will make the FIASCO technique more 

accessible for routine use with a wide variety of materials. 
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