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A B S T R A C T

In this study, we developed a rapid biomarker sensor with a high sensitivity and high selectivity by applying a
bead-based immunosensing technique in a nanofluidic preconcentration device. Antibody-coated 300-nm beads
and antigens were mixed and then pumped into a valve-integrated nanofluidic preconcentration device for
collection and trapping. Because of size differences between the molecules and 300-nm beads, the antigen
(molecule) in the mixed solution could be concentrated by up to 10,000-fold in 2min, but the nanobeads could
not be thus concentrated. After concentrated antigens and antibody-coated nanobeads were isolated, micro-
particle tracking velocimetry was used to measure the Brownian diffusion of the nanobeads in real time to
determine the antigen concentration. Through this preconcentration experiment, we demonstrated a rapid and
high-sensitivity detection of prostate-specific antigen with a detection limit of 50 pg/ml in 20min.

1. Introduction

Prostate-specific antigens (PSAs), first found in human prostate
tissues and human serum in 1971, are the most favorable biomarkers
currently available for detecting prostate and breast cancers [1]. The
PSA concentration in a healthy person ranges from 0 to 4 ng/ml. The
quantitative detection of PSA is typically performed using conventional
immunoassays, including enzyme-linked immunosorbent assay (ELISA)
[2], radioimmunoassay, and chemiluminescence assay; in addition,
optical methods including fluorescent labeling [3,4] and surface-en-
hanced Raman scattering [5] are reliable and have sufficient sensitivity
and selectivity. However, certain challenges remain to be addressed,
such as miniaturization, reaction time reduction, fabrication step sim-
plification, and cost reduction. To detect biomarkers at low con-
centrations, the ELISA requires a longer reaction time and multiple
rinsing and mixing processes. Certainly, most such tests must be con-
ducted in a dedicated place with large, automatic analyzers, which
presents problems such as sample transportation and administration,
increased waiting time, and increased medical costs. Simple, rapid, low-
cost, reliable, and affordable PSA measurement methods with minia-
turized systems are required.

To overcome these problems, many signal transducers have been
developed using bulk components and high-cost optical detection
methods for PSA immunoassays, such as surface plasmon resonance
biosensors [6], microcantilever beams [7], electrochemical sensors [8],
silicon nanowire field-effect transistors [9], gold nanowire im-
munosensors [10], and single-walled carbon nanotube-based biosensors
[11,12]. However, most of these on-chip transducers require compli-
cated fabrication procedures or involve highly specific conjugation
processes to achieve pg/ml levels of sensitivity and selectivity for PSA
detection. This implies that the devices may be costly, and multiple
reaction steps require considerable time.

Recently, another approach to enhancing the sensitivity of im-
munoassays was proposed; it uses a nanofluidic preconcentrator, which
detects low-abundance PSA and achieves pg/ml concentrations [13]. A
nanoscale porous membrane [14] and parallel nanofluidic channels
[15] have been used as ion-selective channels to deplete ions for
blocking proteins, and a million-fold protein concentration has been
demonstrated in 30min [16]. By using a dual-loop circuit model, the
generation time and location of the protein plug can be predicted with
labels, and the protein plug can be manipulated by tuning the voltages
of the two circuits [17]. Nanofluidic concentration devices have been
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successfully developed to continuously collect charged molecules in a
given sample and trap them into a much smaller volume, thus sig-
nificantly increasing the local protein concentration. These devices
have been used to enhance surface-bound protein binding kinetics [18]
and increase the sensitivity of homogeneous enzymes [19,20]. Nano-
fluidic preconcentration devices integrated with a valve were devel-
oped to trap protein plugs for static immunoassays [21]. Although the
immunoassay’s sensitivity improved when a preconcentrator was used,
the time taken for molecules to diffuse to the channel surface for an-
tibody–antigen interactions remained high.

Our group developed a quantitative three-dimensional (3D) nano-
bead immunoassay in which diffusion variations in antibody-coated
nanobeads in an analyte solution can be measured in real time through
micro particle tracking velocimetry (micro-PTV) [22,23]. When the
antibody-coated nanobeads are conjugated with an antigen, the diffu-
sivity of the nanobeads decreases. Unlike conventional immunoassays
in which antibody–antigen interactions occur at the boundary surface,
the reactions in a nanobead immunoassay occur in free space, which
allows Brownian movement to accelerate collisions of nanobeads and
analytes. The nanobead immunoassay has been demonstrated for viral
[24–26] and molecular [27,28] detection.

A possible approach to low-abundance analyte sensing is to pre-
concentrate a sample through electrokinetic trapping (EKT), which
traps molecules in a microscopic volume through ion concentration
polarization [29] and electroosmotic flow (EOF) control. This method
can achieve a high level of sample preconcentration (approximately
several million-fold) and is suitable for any molecule or cell with a
charge opposite to the surface charge of the ion-selective channels [16].
Recently, a dual-loop design of a concentrator was proposed to trap
molecules and to manipulate the preconcentrated plug in a microfluidic
channel for various further uses [17].

In this study, we integrated a bead-based immunoassay with a dual-
loop nanofluidic preconcentration device for rapid and high-sensitivity
biomarker detection. The valve-integrated dual-loop nanofluidic pre-
concentration device is presented in Fig. 1(a), and a schematic of the
design of the pneumatic valve is presented in Fig. 1(b). The dual-loop
circuit design for label-free preconcentration prediction and manip-
ulation is presented in Fig. 1(c). A pair of push-down type pressurized
valves near a Nafion membrane can completely block the semi-pipe
channel and trap the collected proteins between the valves. First, an-
tibody-coated nanobeads mixed with sample solutions are injected into
the channel as shown in Fig. 1(d), and then the device concentrates the
nanobeads for several minutes as shown in Fig. 1(e). After a con-
centrated protein plug is formed, the pneumatic valves are pressurized
to trap the collected proteins and antibody-coated nanobeads, as shown
in Fig. 1(f), for further 3D bead immunosensing. The antibody–antigen
interaction decreases the nanobeads’ Brownian diffusivities as shown in
Fig. 1(g), thus allowing the quantification of the enriched antigen
concentration by comparison with reference results.

2. Experimental

2.1. Preparation of antibody-coated nanobeads

Carboxyl functional group (COOH−)-modified 300-nm nanobeads
(XC030, Merck), with respective optical excitation and emission wa-
velengths of 475 and 525 nm, were used in this experiment. The density
of the beads was approximately 1.05 g/cm3, and the surfaces of the
beads carried a negative charge, which enabled them to remain sus-
pended in the liquid without sedimentation.

The anti-PSA (SAB1303590, Sigma-Aldrich Co.) was conjugated
with carboxyl functional groups by following a well-known protocol for
efficient two-step coupling by using 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide (EDC) (22980, Thermo Fisher Scientific Inc.) and N-hy-
droxysuccinimide (NHS) (130672, Sigma-Aldrich Co.). First, the EDC
cross linker reacted with NHS to increase the coupling efficiency. When

the nanobeads had been modified with EDC, the nanobeads and anti-
PSA were linked using EDC-NHS.

2.2. Bead-based immunoassay by measuring nanobeads’ Brownian
diffusivities

Brownian diffusion, the random motion of particles suspended in a
liquid, results from the collisions of atoms, molecules, and particles.
Brownian motions of nanobeads mainly depend on particle sizes, en-
vironment temperature, and solution properties. During a bead-based
immunoassay, the sizes of the nanobeads increase when the antigens
conjugate onto their surfaces. This process decreases the Brownian
diffusivities of the nanobeads. By measuring the Brownian diffusivities
of the immunobeads before and after antigen conjugation, the con-
centration of the sample can be quantitatively determined [22].

2.3. Valve-integrated nanofluidic preconcentrator

In this experiment, our nanofluidic preconcentration device com-
prised two microfluidic channels connected by ion-selective nano-
porous membranes composed of Nafion (70160, Sigma-Aldrich Co.).
First, the Nafion was dissolved in a mixture of lower aliphatic alcohols
and water; then it was patterned on a glass substrate by using a poly-
dimethylsiloxane frame. The patterned thin Nafion membrane was
successfully deposited on the substrate after solution volatilization. To
create pneumatic valves on the device, the cross section of the micro-
fluidic channels was designed in an arc shape to enable the deformable
thin film on the flat side of the microfluidic channels to be pressurized
and deformed for perfect attachment to the inner arc well of the
channels. The other side of the thin film was bound to a chamber with a
single inlet, which was connected to a pressure source, Fig. 1(a) and (b).

Initially, the cations (positive ions) and anions (negative ions) are
uniformly distributed inside the microfluidic channel as in Fig. 1(h).
When voltages are applied to this preconcentration device, the EOF-
induced ion flow moves along the electric field as Fig. 1(i). The ion
concentration polarization effect, which is an electrochemical transport
phenomenon occurring near ion-selective channels upon the passage of
an electric current, is induced near the junction between the operating
channel and the nanoporous membrane. Because of the electrokinetic
effects in microchannels or nanochannels [30,31] and the presence of
negative or positive ions [16], a depleted diffusion layer and an en-
riched diffusion layer appear at the locations with the highest and
lowest electric potential in the ion-selective channels, respectively. This
phenomenon is also called the ion depletion/enrichment process[29].
In this experiment, we are interested in the depletion region because of
ion blocking phenomenon as Fig. 1(j).

The ion depletion region can be used to trap the proteins and mo-
lecules that are carried by EOF; this effect is called EKT as Fig. 1(k). At
the beginning of the experiment, the total amount of proteins can be
drastically increased within a short period in a tiny space adjacent to
the depletion region to form a protein plug. In the next step, the protein
plug can be preserved between a pair of pneumatic valves. This replaces
EKT, and thus, the applied voltage is not required.

2.4. Experimental setup

Fig. 2 presents the experimental setup of this system. In this dual-
loop nanofluidic preconcentration system, two picoammeter/voltage
sources (Model 6487, Keithley Instruments Inc.) were used to sepa-
rately provide the electrical voltages for the left and the right circuits.
To supply voltages to and monitor currents in these two loops, a NI-
VISA interface (NI Labview, National Instruments Corp.) was used in
addition to general purpose interface bus (GPIB) controllers, (GPIB-
USB-HS, National Instruments Corp.) to control GPIB instruments. The
protein concentration process was observed using an inverted epi-
fluorescence microscope (IX71, Olympus Co.) with a 10X objective lens,
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and was captured using a charge-coupled device (CCD) camera (DXC-
190, SONY). For bead immunoassay by measuring the Brownian dif-
fusion in nanobeads, sequential images of isolated nanobeads were
acquired using another CCD camera (PowerView plus 2M, TSI Inc.).
Micro-PTV software (Insight 3G™, TSI Inc.) was used to analyze the
behavior and diffusivity of nanobeads. To control the pneumatic valves
on our device, a pressure source was connected through a three-way
switch.

3. Results and discussion

In the preconcentration-enhanced biosensing technique, antibody-
coated nanobeads and antigen solutions with different concentrations
were first mixed and pumped into the device. The preconcentrated plug
in the device was manipulated by tuning the voltages of the left and
right circuits, and a pair of pneumatic valves were pressurized to block
the channel and isolate the concentrated antigens and antibody-coated
nanobeads. The currents in the left and right circuits were measured.
The concentration process can be described in step-by-step detail as
follows.

3.1. Performance of nanofluidic preconcentrator and valves

To visualize the concentration process, 5.8 nM fluorescent-labeled
goat anti-mouse IgG (31569, Thermo Fisher Scientific) was added to
phosphate buffered saline at a pH of 7.8. The solution was injected into
the microfluidic channel in advance by using a syringe pump (Fusion
200, Chemyx). The operation processes of protein concentration in the
microfluidic channel and the protein concentration of the plug trapped
by pneumatic valves are depicted as sequential images of different
stages of the concentration and trapping periods in Fig. 3(b). According
to our previous study [17], each stage of the nanofluidic concentration
process can be described by monitoring dual-loop currents. These se-
quential images are also presented on a current–time curve in Fig. 3(c).

To determine the characteristic voltages in the concentration pro-
cess of the dual-loop preconcentrator device, the supplied voltages were
swept from 5 to 70 V until the concentration process was initiated and
finally completed. Initially, when no voltage was supplied, the fluor-
escent protein could not be observed in the operating channel because
the fluorescence intensity was too low [Fig. 3(b)-i]. To initiate the
concentration process (t=0), an initial voltage of 5 V and a step

Fig. 1. (a) Schematic of the nanofluidic concentrator with pneumatic valves for isolating immunobeads and the concentrating plug. (b) The pneumatic valve and
semi-pipe device can be fabricated by multilayer microfluidic fabrication process. (c) The dual-loop circuit design can be used to predict and manipulate the
molecular concentration in the operation channel. Mixed samples can be (d) injected, (e) concentrated, and (f) trapped in the device. (g) The antigens interact with
antibody-modified nanobeads and this phenomenon leads to that the nanobeads’ Brownian diffusivities decrease.
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voltage of 1 V per 7 s were supplied to Vleft and Vright. The currents in
the left (Ileft) and right (Iright) loops began to deviate until the supplied
voltages reached 21 V (t=110 s). This phase is called the separation
period. In this experiment, Ileft was larger than Iright, which indicated
that the volume flow rate from the left-hand side of the microfluidic
channel to the depletion region was greater than that from the right-
hand side. The experimental results indicated that the concentration
process on the left side of the depletion region was faster than that on
the right side. At t=110 s, the depletion region was fully developed
and blocked the operating channel, Fig. 3(b)-ii. Both the right- and left-
loop currents decreased because of the onset of the EKT mechanism,
which led to nanoporous membrane-induced backflow.

As Vleft and Vright were further increased, the fully developed de-
pletion region began to trap protein molecules and form a concentra-
tion plug; this phase is called the plug-appearance period. At
t=110–380 s, the left-loop current continuously increased because of
the higher number of ions being transported per unit time from the left-
hand-side reservoir and the channel passing through the nanoporous
membrane. Furthermore, the right-loop current continuously decreased
because fewer ions were passing through the nanoporous membrane
per unit time in the direction opposite to the upper-stream direction.
Plug concentration occurred at the higher current side of the two loops.
The proteins were collected on the left side of the depletion region,
Fig. 3(b)-iii.

The protein plug can be moved to and trapped between a pair of
pneumatic valves through manipulation processes, including voltage-
controlled depletion region manipulation, pressurized plug squeezing,
and plug isolation by using two fully closed pneumatic valves. To ma-
nipulate the protein plug trapped through the EKT mechanism, we
adjusted the applied voltages of the two circuits. When the same vol-
tages were applied to the left and the right circuits, the EKT mechanism
was initiated once the tangential electric potential gradients in the
depletion region contributed to the electroosmotic force and

nanoporous backflow. Therefore, when a voltage difference occurred,
the depletion region developed bias toward the higher voltage side.
Because of this phenomenon, the concentration plug was also pushed
toward the higher voltage side. In this experiment, the concentration
plug was initially located on the left side of the depletion region. By
application of higher voltage to the left circuit, the concentration plug
was manipulated to move toward the left side. However, the moving
distance was limited because the applied voltage was required to re-
main below a particular limit for the following three reasons. First, a
high electric potential gradient leads to a high electroosmotic force,
which renders the current densities regularly or irregularly unstable
[32]. Second, breakdown voltage of the microfluidic/nanofluidic
channel junction gap occurs when the given voltage is too high [33],
thus destroying the structure and altering the characteristics of the chip
[17]. Third, high voltage-induced electric potential gradients may in-
fluence the conformations and related properties of the biomolecules
and generate excessive heat and gas bubbles near the operational
electrodes [34].

By control of the driving voltage, the protein plug was pushed to-
ward the reaction chamber from the valve 2 region, Fig. 3(b)-iv.
Moreover, the protein plug was at most pushed to the region near the
interface between the reaction chamber and valve 2 region since the
driving voltage was limited, as previously mentioned. Furthermore, by
pressurizing the pneumatic valves, the protein plug was squeezed into
the reaction chamber, which is the space between valves 1 and 2. Si-
multaneously, the right and left circuits became open circuits because
the ion flows were completely blocked, and the EKT force vanished.
Consequently, the isolated proteins and molecules could homo-
geneously diffuse in the entire reaction chamber region, as depicted in
Fig. 3(b)-v. The formation, movement, and trapping of the protein plug
are also indicated in the real-time current diagram, Fig. 3(c). The
characteristic driving voltages and their corresponding operating per-
iods in our preconcentration experiments are described in the figure

Fig. 2. Experimental setup. Two power sources controlled using LabVIEW were used to drive the preconcentration device. A compressor was used to generate high
pressure air to pressurize pneumatic valves. An image system was used to monitor microfluidic behaviors in the microfluidic channel.
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captions of Fig. 3.

3.2. Brownian diffusivity measurements of nanobeads for PSA detection in
microfluidic channel

To validate the preconcentrator-integrated immunobead biosensor,
PSAs (P3338, Sigma-Aldrich) were used as test samples in this study.
First, some preliminary experiments were performed to measure the
interactions between PSA and anti-PSA by using 300-nm immunobeads
at various PSA concentrations, including 0, 0.4, 0.8, 1.6, and 3.2 μg/ml.
The anti-PSA-modified nanobeads, mixed with PSA solutions, were in-
jected into the valve-integrated nanofluidic preconcentration device
and isolated in the reaction chamber. The Brownian velocities of the
nanobeads were measured through micro-PTV and the values were
recorded every 10 s. The Brownian velocities of the nanobeads sus-
pended in solution with no PSA showed a standard deviation of 0.1 μm/
s, which is the systematic error of the micro-PTV measurements. When
the nanobeads were suspended in various PSA solutions, the nanobeads’
Brownian velocities showed a drastic reduction during a reaction
period, and then reached an equilibrium state, which is named equili-
brium Brownian velocity. During the reaction period, the standard
deviation of Brownian velocities was larger than 0.1 μm/s, while when
in the equilibrium state the standard deviation was obtained to be less
than or equal to 0.1 μm/s. Fig. 4(a) exhibits the experimental results for
the equilibrium Brownian velocities of the nanobeads, suspended in
prepared PSA solutions. The standard deviation of the Brownian velo-
city for each condition was less than or equal to 0.1 μm/s. The averaged

equilibrium Brownian velocity of nanobeads in a 0.4 μg/ml PSA solu-
tion was 5.4 μm/s, which was 0.3 μm/s less than the nanobeads’ equi-
librium Brownian velocity in solutions without PSA. We can conclude
that 0.3 μm/s difference was three times larger than the systematic
error of micro-PTV. The signal to noise ratio (SNR) was 3, and therefore
we can also conclude that 0.4 μg/ml PSA solution was the detection
limit of this nanobead measurement method. After the tests had been
performed three times, a linearly fitted curve of the PSA concentration
versus the Brownian velocity of the nanobeads at equilibrium was
plotted as showed in Fig. 4(b). The coefficient of determination R2 of
the linear fitting line was approximately 96%, which indicates that the
equilibrium Brownian velocity of the nanobeads was quite linearly re-
lated to the PSA concentration in the range of 0–3.2 μg/ml.

3.3. Protein preconcentration-enhanced PSA detection by nanobeads’
Brownian diffusivity measurements

Bead-based immunoassays for sensing PSA samples at ultra-low
concentrations were carried out by using protein preconcentration.
Several PSA samples at various concentrations of 50, 100, 200, and
400 pg/ml were prepared. The mixtures containing anti-PSA-coated
nanobeads and various PSA concentrations were injected into the pre-
concentration device. Initially, the Brownian velocities of the anti-PSA-
modified nanobeads at different PSA concentrations without pre-
concentration were measured in the isolated reaction chamber in the
region between valves 1 and 2 for 10min because the valves were
closed. In the second step, we opened the air valves. Simultaneously, we

Fig. 3. Operational procedures of label-free nanofluidic preconcentration with pneumatic valves. (a) Overview of the device. A nanoporous thin film, composed of
Nafion, is placed on the substrate and bridges the buffer channel and operating channel. The upper layer has four pneumatic valves, valves 1–4. If preconcentration is
initiated on the left side of the depletion region, the protein plug is trapped between valves 1 and 2. Otherwise, the protein plug is trapped between valves 3 and 4. (b)
Step-by-step visualization of protein collection, manipulation, and trapping. The entire process is also indicated in (c) the real-time current curve of the dual-loop
preconcentrator. (i) Initially, the low-abundance fluorescent proteins in the microfluidic channel were barely observable. When the applied voltages reached 21 V,
the currents of the left- and the right-loop circuits began to deviate, and the left-loop current was larger than the right-loop current; this phase is called the separation
period. Simultaneously, the depletion region began to grow. (ii) As the depletion region became fully developed, the loop currents of both circuits drastically
decreased. We continued to increase the voltages of both circuits: Vleft was supplied a 10-V step voltage until a voltage of 70 V was achieved, and Vright was supplied a
1-V step voltage until a voltage of 45 V was achieved in 5min. The results revealed that the left-loop current continuously increased with the increase in voltage;
however, the right-loop current did not increase. In this period, the proteins continuously accumulated, and this phase is called the plug-appearance period. (iii) The
proteins continuously accumulated to form a plug in approximately 5 min. (iv) The plug was moved to the interface between valve 2 and the reaction chamber by
controlling voltages during the plug-operation period. (v) Finally, we pressurized the pneumatic valves to push the protein plug into the reaction chamber between
valves 1 and 2.

Y.-J. Fan et al. Sensors & Actuators: B. Chemical 272 (2018) 502–509

506



applied a voltage of 25 V to both dual-loop circuits to trigger the de-
pletion region growth. As previously mentioned, the right- and the left-
loop currents began to deviate, and the left-loop current was higher
than the right-loop current in this experiment. Thus the concentration
plug occurred on the left side of the Nafion membrane. Subsequently,
both the loop currents drastically decreased. This indicated that the
depletion region was fully developed. Thereafter, we directly applied
voltages of 75 and 45 V to the left- and the right-loop circuits, respec-
tively, for rapid protein accumulation. The entire processing time, in-
cluding the depletion region growth and protein accumulation, was
90 s. By further applying a higher voltage difference between the two
loop circuits and by pressurizing the pneumatic valves, the concentra-
tion plug and anti-PSA-modified nanobeads were moved into and
trapped in the reaction chamber. At this stage, the concentrated PSA
samples in the reaction chamber were detected by measuring the
Brownian velocities of the nanobeads in real time.

Experimental results at four ultra-low PSA concentrations (50, 100,
200, and 400 pg/ml) with and without preconcentration are presented
in Fig. 5. For the four samples without preconcentration, the equili-
brium Brownian velocities of the nanobeads remained nearly the same
value for 10min. Similar results were obtained for nanobeads in solu-
tion without PSA as depicted in Fig. 4(a). A slight decrease (less than
0.1 μm/s) of equilibrium Brownian velocities was observed when PSA
concentration was increased from 50 to 400 pg/ml. We speculated that
the antibodies on the nanobeads interacted with PSA in the solutions,
but the SNR was less than 1. With preconcentration, the Brownian
velocities of the nanobeads in the four PSA samples decreased, fur-
thermore, the equilibrium Brownian velocities were different. These
results indicated that a higher PSA concentration leads to a lower
Brownian velocity of nanobeads in the equilibrium state. Moreover, the

results revealed that the nanofluidic preconcentrator can be used to
increase the detection limit of the bead-based immunoassay to the pg/
ml level by measuring the Brownian diffusion of the nanobeads.

3.4. Preconcentration factor

After the Brownian velocities of nanobeads in preconcentrated PSA
solutions had been measured three times, the averaged equilibrium
Brownian velocities for the samples of various concentrations were
obtained. These equilibrium Brownian velocities were plotted against
the linear regression in Fig. 4(b), which is summarized in Fig. 6. Based
on these results, the final concentrations of the ultra-low PSA samples
after preconcentration can be estimated. We defined the final con-
centration over the original concentration of the sample as the pre-
concentration factor. In our experiments, the preconcentration factors
of the prepared PSA samples at concentrations of 50, 100, 200, and
400 pg/ml were estimated as 7200 ± 800, 7800 ± 1000,
9500 ± 1000, and 7100± 800, respectively. Furthermore, according
to these estimations, the average preconcentration factor of these four
cases with this nanofluidic preconcentration device was determined as
7.90 ± 0.9× 103 in 90 s.

3.5. Sensing PSA in human serum

To validate the Brownian bead-immunosensing technique for de-
tecting PSA in human serum, the PSA samples, diluted by human serum
(H4522, Sigma-Aldrich), with seven various concentrations of 0, 0.75,

Fig. 4. (a) Equilibrium Brownian velocities of anti-PSA modified nanobeads
suspended in different concentrations of PSA solutions. At a high PSA con-
centration in the range of 0–3.2 μg/ml, a drastic reduction in equilibrium
Brownian velocities was observed. (b) Averaged results from three-time assays.
The averaged equilibrium Brownian velocities of the nanobeads showed a
linear decrease with the PSA concentration.

Fig. 5. Detection of low-abundance PSA samples at four concentrations of 50,
100, 200, and 400 pg/ml, with and without preconcentration. The dashed
columns represent the sample detection without preconcentration, and the
white columns are with preconcentration.

Fig. 6. Estimation of PSA concentration by comparing Brownian velocities
measured at the equilibrium state and the linear regression of the bead-based
immunoassay without preconcentration, as in Fig. 4(b). The PSA samples at
concentrations of 50, 100, 200, and 400 pg/ml can be preconcentrated to 0.36,
0.78, 1.90, and 2.84 μg/ml, respectively.
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1.5, 3.0, 6.0, 8.0, 10.0 μg/ml were prepared. The measurement results
of Brownian velocities at equilibrium state of the anti-PSA-modified
nanobeads in the PSA samples are shown in Fig. 7(a). The test for each
concentration was conducted three times. When the PSA concentration
in human serum is 0–10 μg/ml, the dynamic range of Brownian velocity
at equilibrium state is in between 4.58–4.75 μm/s, which is about 1 μm/
s less than that in PBS solution. The reason is that the viscosity of the
human serum is around 1.5 cP, which is higher than that of the PBS
solution. The higher viscosity of the surrounding medium is, the lower
the Brownian diffusivity is, and the dynamic range becomes smaller as
well. Further, when the PSA concentation is between 1 and 8 μg/ml, a
linear dynamic range of the Brownian velocity can be approximately
observed.

Concerning the preconcentration enhancement test, various PSA
concentrations of　0.075, 0.75, 1.5, and 3 ng/ml were prepared for the
experiments. The preconcentration processes were also followed the
same procedures as in section 2.3. The mixtures containing anti-PSA-
coated nanobeads and PSA serum solutions with various concentrations
were injected into the preconcentration device. After preconcentration,
valve-closing, and measurement, the immunobeads’ Brownian velo-
cities in various PSA solutions at equilibrium state are shown in
Fig. 7(b). The results are also labeled in Fig. 7(a) to indicate the en-
hanced concentrations. The immunobeads’ equilibrium Brownian ve-
locity in preconcentrated 75 pg/ml PSA serum was similar to that in
pure serum without preconcentration. The immunobeads’ equilibrium
Brownian velocity in preconcentrated 750 pg/ml and 1.5 ng/ml PSA
serum showed similar to those in 5 μg/ml and 7.8 μg/ml without pre-
concentration, respectively. This result indicates that the pre-
concentration factors are 6600 and 5200, respectively. Furthermore, for

preconcentrated 3.0 ng/ml PSA serum, the immunobeads’ equilibrium
Brownian velocity was out of the dynamic range. During the same
processing time, the preconcentration factors in human serum are
smaller than those in PBS solutions, because the electroosmotic force
was weaker in higher viscosity liquid in a microfluidic channel.

A selectivity test was also implemented. We prepared two test
samples which included 8 μg/ml C-reactive protein (CRP) in human
serum, and 8 μg/ml bovine serum albumin (BSA) in human serum. The
immunobeads were suspended in these two samples and the measure-
ment results are also shown in Fig. 7(b) comparing with the results in
the pure serum sample. From these results, we found that the Brownian
velocity of the immunobeads in pure serum samples at equilibrium state
didn’t show much difference from those in CRP samples. Further, the
Brownian velocity was found to be lower when in BSA samples. These
results indicate that the anti-PSAs on the immunobeads partially in-
teracted with BSA, and leads to that the immunobeads’ Brownian ve-
locity will decrease. However, the BSA will not be found in human
serum in general.

4. Conclusions

A highly sensitive bead-based immunoassay integrated with a na-
nofluidic preconcentration device was successfully developed in this
study. By using pneumatic valves, the antibody-modified immunobeads
and concentrated antigens can be trapped in a small reaction chamber
for further detection. The antibody–antigen interactions can be de-
termined by directly measuring the diffusivity of the immunobeads in a
10-min period. At a higher concentration of antigens, the antibody-
modified immunobeads yielded lower equilibrium Brownian velocities
in the sensing range. By using the nanofluidic preconcentration device,
the preconcentration process can be completed in 90 s, and a PSA de-
tection limit as low as 50 pg/ml can be achieved. An average pre-
concentration factor of 7.9 ± 0.9× 103 was estimated in our experi-
ment. Furthermore, the PSA samples in the range of 50–400 pg/ml can
be preconcentrated to 0–3.2 μg/ml, which is within the detection range
of a conventional 3D bead-based immunoassay using micro-PTV for
measuring the Brownian velocities of nanobeads. The entire process,
including preconcentration and measurement, can be completed in
20min.

The measurement technique was also implemented in various PSA
concentration in human serum. Without preconcentration, a linear
sensing range of 1–8 μg/ml was found. After precocnentration,
0.1–2 ng/ml PSA samples can be detected. When PSA concentration is
over 2 ng/ml, the immunobeads’ Brownian velocity will reach satura-
tion state. Approximately 75% of the cancers were detected when PSA
concentration in serum is higher than 2 ng/ml; furthermore, approxi-
mately 13–22% of men have a prostate cancer detectable by biopsy and
80–85% of these are organ confined [35–37]. This method can rapidly
screen the PSA in a healthy range, and show overloaded when the PSA
concentration is in a dangerous region.
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Appendix A. Supplementary data

Supplementary data associated with this article can be found, in the
online version, at https://doi.org/10.1016/j.snb.2018.05.141.

Fig. 7. Measurement results of PSA serum samples, (a) Equilibrium Brownian
velocities of immunobeads suspended in different concentrations of PSA serum.
A linear sensing range of 1–8 μg/ml was found. (b) The low-abundance PSA
serum samples at concentration of 0, 0.075, 0.75, 1.5, 3 ng/ml were prepared to
implement the preconcentrator integrated Brownian immunosesing technique.
Further, the 8 μg/ml CRP and 8 μg/mL BSA serum samples were used for se-
lectivity test.
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