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Microfluidic bead trap as a visual bar for
quantitative detection of oligonucleotides†
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We demonstrate a microfluidic bead trap capable of forming a

dipstick-type bar visible to the naked eye for simple and quantita-

tive detection of oligonucleotides. We use magnetic microparticles

(MMPs) and polystyrene microparticles (PMPs) that are connected

and form MMPs–targets–PMPs when target oligonucleotides are

present, leaving free PMPs with a number inversely proportional to

the amount of targets. Using a capillary flow-driven microfluidic

circuitry consisting of a magnetic separator to remove the MMPs–

targets–PMPs, the free PMPs can be trapped at the narrowing noz-

zle downstream, forming a visual bar quantifiable based on the

length of PMP accumulation. Such a power-free and instrument-

free platform enables a limit of detection at 13 fmol (0.65 nM in 20

μl, S/N = 3) of oligonucleotides and is compatible with single-

nucleotide polymorphisms and operation in a complex bio-fluid.

Moreover, using DNAzyme as the target oligonucleotide that cata-

lyzes a specific hydrolytic cleavage in the presence of lead ions,

we demonstrate a model application that detects lead ions with a

limit of detection of 12.2 nM (2.5 μg l−1), providing quantitative and

visual detection of lead contamination at resource-limited sites.

Detection of oligonucleotides provides immense potential for
pathogen identification,1–4 clinical diagnosis,2,5,6 biomedical
research,7,8 and monitoring of metal ions.9–12 In recent years,
visual detection, as a simple, direct and rapid method, has
been developed in many platforms, including AuNP-based col-
orimetric assays,13–15 lateral flow strips,7,16 magnetic
barcode assays,17,18 and magnetophoretic assays.19–21 AuNP-
based assays, in particular, have been widely applied to detect

oligonucleotides because of their rapid visual responses.13,14

Typically, AuNPs are surface functionalized with single-
strand oligonucleotide probes that can hybridize with target
oligonucleotides in juxtaposition. As such, the presence of tar-
get oligonucleotides would induce the aggregation of AuNPs
by forming a sandwich-type structure, i.e. AuNPs–targets–
AuNPs, resulting in a change of bulk solution color from red
to purple readable by visual inspection.22–24 A similar princi-
ple was applied in the detection of ssDNA/RNA,24 proteins25

and metal ions.26,27 To further simplify the operation, the
scheme of the sandwiched structure evolved into lateral flow
strips, in which gold nanoparticles carried by capillary flow
are captured based on the hybridization between target oligo-
nucleotides and probes immobilized on the substrates.16

The accumulation of gold nanoparticles leads to a forma-
tion of a red bar visible to the naked eye. Similarly, to provide
better sensitivity in visual detection, previously we developed
a simple and effective visual detection of oligonucleotides
based on Mie scattering and magnetophoretic effect,20

allowing visual detection based on solution turbidity. How-
ever, although convenient, current platforms for visual detec-
tion are mostly limited to qualitative results (yes or no signal).
For quantitative measurement, the visual signal needs to be
converted into optical/fluorescence intensity measured using
a lateral flow strip reader,16,28 or spectral absorbance read
using a UV-vis spectrometer.20,29 As a result, cumbersome and
bulky instruments and power supply are inevitable, which cre-
ates technical hurdles for detection and analysis in resource-
limited settings.

Here we report a visual and quantitative detection of oligo-
nucleotides based on a microfluidic bead trap (Fig. 1). MMPs
and PMPs are surface functionalized with single-strand oli-
gonucleotide probes such that the presence of MB155 targets
would induce the formation of a sandwiched structure,
MMPs–targets–PMPs. To visually count the number of free
PMPs, which is inversely proportional to the amount of tar-
gets, we designed a microfluidic device with a bead trap.
Carried by self-driven capillary flow, the MMPs–targets–PMPs
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are first captured in the magnetic separator, and the free
PMPs can escape from the magnetic field and accumulate at
the bead trap downstream. Thus, the accumulation of PMPs
forms a visual bar with a length quantifiable by a ruler la-
beled above the trapping channel. This method allows for a
limit of detection at 13 fmol (0.65 nM in 20 μl, S/N = 3) for
oligonucleotides and is capable of differentiating single-
nucleotide polymorphisms and operation in a complex bio-
fluid. Moreover, using DNAzyme as the target oligonucleotide
that catalyzes a specific hydrolytic cleavage in the presence of
lead ions, we demonstrate a model application that detects
lead ions with a limit of detection of 12.2 nM (2.5 μg l−1),
which is below the maximum human exposure to drinking
water, 48 nM (10 μg l−1), according to the guideline of the
World Health Organization, providing a simple approach
achieving visual detection and direct quantification of lead
contamination on a power-free and instrumental-free
platform.

Results and discussion
Working principle

To detect a specific target oligonucleotide, i.e. MB155, two
probes of biotinylated oligonucleotides (MB155 probe 1 and
probe 2) were designed with a sequence complementary to
MB155 in juxtaposition. MB155 probe 1 and probe 2 were re-
spectively immobilized onto streptavidin-coated MMPs and
PMPs via a biotin–streptavidin complex (lower-right in
Fig. 1). As such, when the MB155 target is present, probe 1

and probe 2 will simultaneously hybridize with the MB155
target in juxtaposition, forming a sandwich-type aggregate,
“MMPs–targets–PMPs” (for the detailed procedure and dis-
cussion of the hybridization process, see the ESI†). Notably,
to prevent the inertial forces that may break the linkage be-
tween MMPs and PMPs, MMPs with a diameter of 0.36 μm
were selected, such that multiple MMPs can attach onto one
PMP to disperse the force (Movie S1†). Thus, the number of
free PMPs can be used as a reporter representing the amount
of MB155 targets.

To automate PMP counting, we designed a microfluidic
circuitry consisting of a sample loading inlet, a magnetic sep-
arator, a trapping channel with a ruler, a nozzle, a capillary
pump and an air outlet (upper in Fig. 1). After rinsing, probe
1-modified MMPs and probe 2-modified PMPs were mixed
with MB155, and the mixture was loaded to the inlet. As the
microchannel is hydrophilic after plasma treatment, this
water-based solution would spontaneously flow towards the
other end, driven by capillary force without the need for an
external power source.

The mixture first passes the magnetic separator, which
was designed as a human stomach-shape microchannel lo-
cated next to the embedded permanent magnets (lower-left
in Fig. 1 and Fig. S1†). The flow field was calculated based on
CFD (Fig. S2a and b†). Importantly, using the stomach-
shape microchannel, the flow first slows down due to the
expanding microchannel, and the stream is directly guided
toward the strongest region of magnetic force (Fig. S2c†),
which maximizes the opportunity for capturing the MMPs–
targets–PMPs. Later, after passing the region of strong mag-
netic field, the microchannel further expands, resulting in an
even slower flow before leaving for the trapping channel to
minimize the escaping of the MMPs–targets–PMPs aggregates
(Movie S2†). As such, efficient capturing of MMPs–targets–
PMPs was achieved (Movie S3†).

To visually quantify the free PMPs carried to the down-
stream, a bead trap was designed as a narrowing nozzle with
a minimum width of 8 μm, which can block the PMPs with a
diameter of 15 μm (Movie S4†). Importantly, the depth of the
PMP trapping channel was designed to be 25 μm, such that
the PMPs can be accumulated as a monolayer to maximize
the visible length of PMP accumulation (Movie S4†). As a re-
sult, a white bar of accumulated PMPs was visually seen in
the trapping channel, and its length can be quantified using
a dipstick-type ruler (Fig. 2). For the blank sample, only
MMPs were captured in the magnetic separator (Movie S5†),
and all PMPs suspended in solution kept flowing towards the
trapping channel (Movie S6†), giving rise to the longest PMP
accumulation. Comparatively, for the sample with the MB155
target, a portion of PMPs would be retained at the site of the
magnetic separator, shortening the length of PMP
accumulation.

During bead trapping, the water-based buffer solution can
penetrate through the gap between the PMPs and the nozzle.
Importantly, the capillary pump was placed after that to en-
sure the capillary attraction of liquid wicking until the

Fig. 1 Schematics of the microfluidic bead trap forming a visual bar
for detection of oligonucleotides. Carried by self-driven capillary flow,
the aggregates of MMPs–targets–PMPs are first captured in the mag-
netic separator, allowing free PMPs to flow and be trapped by a nozzle
downstream. As such, the PMPs accumulate with a length inversely
proportional to the amount of target oligonucleotides readable to the
naked eye, providing a visual and quantitative readout on a power-free
and instrumental free platform.
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capillary pump is fully filled (volume capacity: 4.07 μl), which
ensures the consistent volume that fills the microchannel
and minimizes the data fluctuation between each
experiment.

Limit of detection of oligonucleotides

We explored the limit of detection of oligonucleotides based
on different amount of the MB155 target, i.e. 0 mol, 10 fmol,
20 fmol, 40 fmol, 60 fmol, 100 fmol, 200 fmol and 2000 fmol
in 20 μl. Fig. 3a illustrates the length of accumulated PMPs
in the trapping channel at different amount of MB155 tar-
gets, which reflects the amount of free PMPs escaping from
the magnetic separator. As expected, the PMP accumulation
was inversely proportional to the target amount. For the blank
sample (0 mol), most of the PMPs can escape from the mag-
netic separator and accumulate in the trapping channel,
resulting in the longest white bar. In contrast, when the tar-
get amount increased, the trapping length decreased.
According to the length of PMP accumulation with respect to
the target amount (Fig. 3), the linear range of such a change
is from 0 mol to 60 fmol (inset in Fig. 3b), and the limit of
detection can be determined to be 13 fmol (0.65 nM in 20 μl,
S/N = 3, calculated on the basis of 3σ/k, where σ is the stan-
dard deviation of the blank sample, and k is the absolute
slope of the linear equation, −0.0254), demonstrating a per-
formance comparable to that of UV/vis spectrometry.20

Analysis of single-nucleotide polymorphisms

We next investigated the selectivity of detection in the micro-
fluidic device using single-nucleotide polymorphisms (SNP).
The selectivity is crucial for differentiating non-specific hy-
bridization.30,31 To test it, the seventh base of the MB155 tar-
get from the 5′ end, G, was replaced by A, T and C, and de-

noted as SNP-A, SNP-T, and SNP-C, respectively. Using 200
fmol (10 nM in 20 μl) for each case, the length of PMP accu-
mulation showed that the results of SNP-A, SNP-T and SNP-C
almost had no difference with that of the blank sample (0
mol) (around 4.20 mm in length, Fig. 4). In contrast, for the
MB155 target, the length was significantly shorter (2.00 mm).
Thus, the result demonstrated that this microfluidic-based
bead trap can provide a remarkable performance for differen-
tiating single-nucleotide polymorphisms.

Detection in a 10% v/v serum environment

In addition, we also explored the compatibility of our device
in a complex bio-fluid. Blood serum contains proteins, cells,
RNAs, and DNase/RNase, and such interfering materials may
lead to considerable challenges for hybridization and even

Fig. 2 Optical images showing the visual bar for a sample with the
MB155 target (upper) and a blank sample (lower). In the presence of
target oligonucleotides, the visual bar became shorter, providing a
visual and quantitative readout.

Fig. 3 Limit of detection of target oligonucleotides. (a) Length of
accumulated PMPs in the trapping channel based on different amount
of MB155 targets (mean ± SEM, n ≥ 5). (b) The length of PMP
accumulation with respect to the target amount showing a linear
change between 0–60 fmol. Limit of detection was calculated from
the linear regression in the inset (mean ± SEM, n ≥ 5).
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cause failure of device functionality. To investigate the
tolerance to such a complex environment, we used a 10%
v/v serum environment containing varied amount of MB155
(0 mol, 10 fmol, 20 fmol, 40 fmol, 60 fmol, 100 fmol, 200
fmol and 2000 fmol in 20 μl), without any further pre-treat-
ment. Similar to the results obtained in the buffer solution,
the length of PMP accumulation decreased with an increase
of the target amount (Fig. 5). While the overall length in-
creased slightly because a small number of MMPs–targets–
PMPs were carried to the bead trap due to the high viscosity
of serum, the limit of detection is around 20 fmol, which
demonstrated the compatibility with a complex bio-fluid and
the ability to tolerate the interfering materials in such a
microfluidic device.

Application to detection of lead ions

Based on the characterization above, we tested a model appli-
cation that uses detection of oligonucleotides for monitoring
lead ions (Fig. 6a). On the basis of nucleic acid hybridization,
it was reported that DNAzyme, a form of DNA oligonucleo-
tide, could catalyze a specific hydrolytic cleavage in the pres-
ence of lead ions.9–12 Accordingly, we replaced the target oli-
gonucleotide MB155 by GR-5 DNAzyme, which exhibits a
high selectivity towards Pb2+.9 This DNAzyme consists of a
substrate strand GRDS (blue in Fig. 6a) and an enzyme
strand GRE (orange in Fig. 6a), and the two termini of GRDS
were extended and designed to be able to hybridize with
MB155 probe 1 and probe 2, respectively. As such, if Pb2+ is
absent, the GR-5 DNAzyme at the amount of 200 fmol (10 nM

Fig. 4 Analysis of single-nucleotide polymorphisms. SNP-A, SNP-C
and SNP-T are single-base mutated sequences of MB155, by using A, C
and T to replace the seventh base G in MB155, respectively (mean ±

SEM, n ≥ 6).

Fig. 5 Detection in a 10% v/v serum environment (mean ± SEM, n ≥
10).

Fig. 6 Application to detection of lead ions. (a) Schematics of the
detection of lead ions based on the employment of GR-5 DNAzyme to
connect MMPs and PMPs. When Pb2+ is present, it cleaves the GRDS
substrate strand (blue) at the RNA site (rA), allowing more PMPs to ac-
cumulate at the trapping channel. (b) The length of PMP accumulation
with respect to the concentration of lead ions, where the limit of de-
tection was calculated from the linear regression in the inset (mean ±

SEM, n ≥ 5).
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in 20 μl) can connect MMPs and PMPs, leading to the forma-
tion of a sandwiched structure, MMPs–DNAzyme–PMPs. In
contrast, when Pb2+ is present, it cleaves the substrate strand
at the RNA site (rA) into two parts through a phosphodiester
bond cleavage, which prevents the formation of the
sandwiched structure MMPs–DNAzyme–PMPs and allows
more PMPs to accumulate in the trapping channel.

We tested different concentrations of Pb2+ solution, in-
cluding 0 nM, 50 nM, 100 nM, 250 nM, 500 nM, 750 nM,
1000 nM, 2000 nM and 5000 nM. As expected, the trapping
length due to PMP accumulation reflected the concentrations
of Pb2+ with a positive proportion (Fig. 6b). Moreover, using
the log scale, the linear range of such a change was from 0 to
250 nM (inset in Fig. 6b), and the limit of detection can be
determined to be 12.2 nM (S/N = 3, calculated on the basis of
3σ/k, where σ is the standard deviation of the blank sample,
and k is the absolute slope of the linear equation, 0.0922).
Remarkably, the limit of detection is below the maximum hu-
man exposure to drinking water, 48 nM (10 μg l−1), according
to the guideline of the World Health Organization. As such,
with sufficient sensitivity and the ease of intensive sample
preparation when applied in drinking/clean water, our results
demonstrated a feasible application for monitoring lead ion
contamination.

Conclusions

In this work, we demonstrate a microfluidic-based bead trap
capable of forming a visual bar for quantitative detection of
oligonucleotides. The MMPs and PMPs can be connected in
the presence of the target molecules, forming MMPs–targets–
PMPs. Driven by capillary force, the solution first passes the
magnetic separator, in which the magnetophoretic effect
removes the MMPs–targets–PMPs via an external magnetic
field. With the use of a narrowing nozzle, free PMPs would be
accumulated in the trapping channel, forming a visible bar
with length inversely proportional to the amount of target oli-
gonucleotides. This platform can differentiate single-mutated
sequences and is compatible with a complex bio-fluid envi-
ronment. Moreover, by using a Pb2+ dependent DNAzyme oli-
gonucleotide, we demonstrate the detection of lead ions with
a limit of detection lower than the standard of maximum hu-
man exposure, providing a simple, sensitive approach achiev-
ing visual detection and direct quantification of lead contami-
nation on a power-free and instrumental-free platform.
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