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A B S T R A C T   

Enzyme-linked immunosorbent assay is a widely used analytical technique for detecting and quantifying disease- 
specific protein biomarkers. Despite recent progresses in disease-specific protein biomarkers detection with 
microfluidic chips, many devices still suffer from the limited mass transport of target molecules, and conse-
quently low detection efficiency or long incubation time. In this work, we present a novel strategy to significantly 
enhance the sensing efficiency of a chip-based biosensor by exploiting micro-streaming in an acoustofluidic 
device, which boosts intermolecular interactions and a hybridization chain reaction to increase the fluorescent 
signals. This device was made of a microfluidic chip that contains an array of PDMS micropillars in a ship-shaped 
microchannel. And the inner surface of the channel was functionalized with capture aptamers that bind with 
thrombin, chosen as a model target molecule. An ultrasonic transducer underneath the chip operating at 150 kHz 
generates circular micro-streaming flows around the pillars that significantly improves the binding efficiency of 
thrombin with capture aptamers by 1) increasing the retention time and 2) enhancing mass transport via local 
convection versus diffusion. The effects of ultrasound parameters, such as operating frequencies and voltages, on 
the distribution and magnitude of flows were optimized to obtain a better performance of the sensor chip. Under 
the optimized conditions, the detection limit was increased by one order of magnitude. Although this work has 
focused on the detection of thrombin as a model molecule, this streaming-enhanced, microstructure-based 
sensing strategy can be applied to detect a wide range of molecules or even cells.   

1. Introduction 

Enzyme linked immunosorbent assay (ELISA) is the most frequently 
used technique for protein analysis [1,2]. This technique has attracted 
mounting interest in current clinical diagnosis due to its high sensitivity 
and specificity. However, conventional ELISA is labor-intensive, time--
consuming, and requires large amounts of antigens and sample volumes 
[3]. In addition, the mass transport of biomolecules in an immunoassay 
is pivotal for their binding kinetics and ultimately influences the sensor’s 
performance [4]. However, most of the current sensing system mainly 
rely on Brownian diffusion, which puts a significant limit on the 
detection sensitivity and speed (hours to days) [5]. To improve the 
sensing performance, incubation for an extended period is commonly 
used to allow the reaction to proceed sufficiently. However, to achieve a 
higher reaction efficiency by prolonging reaction time is often non-ideal 
for practical applications [6,7]. 

The above-mentioned issues with ELISA can be improved to some 
degree by increasing the reaction surface area and enhancing mass 
transport by microfluidic techniques, which open up new opportunities 
for numerous biological, medical and pharmaceutical applications [8,9]. 
For example, a valid strategy was the introduction of micropillars into 
microchannels to increase the surface-to-volume ratio for the interaction 
between target and recognition molecules, resulting in a higher capture 
efficiency [10,11]. Thanks to the high surface-to-volume ratio at 
micro/nano scales of a miniaturized device, considerable time can be 
saved due to the reduced diffusion distances. Cost can also be signifi-
cantly reduced due to a much smaller reagents consumption. However, 
even though the diffusion distance was significantly decreased in 
microfluidic channels, rapid mixing in the direction of flow remains 
difficult because of the nature of laminar flows at low Reynolds number 
[12], which becomes a hindrance to an efficient reaction. 

Two strategies have been proposed to enhance mass transport in a 
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microfluidic channel: passive or active mixing. Passive mixing in a 
microchannel is usually achieved by decreasing the diffusive mixing 
distance [13], or by generating chaotic advection, such as spiral circu-
lations and 3D vortices, and microstructured channel walls [13]. Active 
mixing, on the other hand, can be realized by applying optical tweezers 
[14], platform design [15], magnetic stirring [16] or acoustic technique 
[17–21] to generate local flows that enhance mixing. Among the various 
active mixers used in microfluidic channels, acoustic mixers based on a 
micro-streaming effect has emerged as a powerful technique that is 
simple to implement and control. Acoustic streaming is a hydrodynamic 
effect, arising from the attenuation of the sound waves passing through a 
medium [22,23]. In particular, the energy dissipation of sound waves 
crossing a solid-liquid interface generates a local, steady 
micro-streaming flow that is commonly found in many acousto-fluidic 
devices containing bubbles [24], sharp edges [25], and beams of sur-
face acoustic waves impinging on device walls [26]. Among the various 
structures, vibrating cylinders immersed in liquid have long been known 
to generate two pairs of streaming vortices [27,28]. Experiments done in 
the early 2000s reproduced similar patterns with microscopic cylinders 
[29,30], and interesting 2D arrays of vortices were observed later within 
micropillar arrays in a microfluidic channel [31–33]. Although the 
power of microstreaming has been exploited to mix chemicals [25,30], 
as well as to trap cells [26,34], microorganisms [33] and other micro-
particles [31,32], its usefulness in biosensing, and particularly in 
accelerating immunoassays, has remained limited [35–40]. 

2. Experimental section 

2.1. Materials 

SU-8 2050 negative photoresist were purchased from Microchem 
(Newton, CA). Polydimethylsiloxane (PDMS) were purchased from Dow 
Corning (Sylgard 184, Midland, MI). Streptavidin (1KU), 4- 

Maleimidobutyric acid N-hydroxysuccinimide ester (GMBS), 3-Mercap-
topropyltrimethoxysilane (MPTS), thrombin (TB), transferrin (TRF), 
acyl carrier protein (ACP), human serum albumin (HSA) and bovine 
serum albumin (BSA) were purchased from Sigma Aldrich (U.S.A). 
Tween 20 was purchased from Sangon Biotechnology Co. Ltd. 
(Shanghai, China). All the oligonucleotides used in experiments were 
synthesized and purified by Sangon Biotechnology Co. Ltd. (Shanghai, 
China). 

2.2. Chip design and modification 

A ship-shape microchannel containing a PDMS micropillar array was 
designed for thrombin detection (See Fig. 1 for illustrations). In detail, 
the channel was 1.2 cm long, 2.5 mm wide and 100 μm deep. PDMS 
micropillars were designed within the channel. The microfluidic device 
was fabricated using standard soft lithography and replica molding 
techniques described elsewhere [41]. The detailed process of the device 
fabrication is shown in Supporting Information. 

Before experiments, the microfluidic system was sterilized by expo-
sure to UV light for 30 min and the microchannel was rinsed with 75% 
ethanol. The microchannel was then modified with specific aptamers for 
thrombin capture. Surface modification and capture aptamer fixation 
were performed according to the methods described in the literature 
[15,42]. The device was then treated with freshly prepared 0.01 
μmol/mL GMBS ethanol solution for 30 min at room temperature. Next, 
the channel was filled with 10 μg/mL streptavidin in PBS for 1 h. Finally, 
a biotin-labeled thrombin capture aptamer solution with a concentra-
tion of 20 μg/mL was introduced and incubated at room temperature for 
30 min, followed by washing with PBS to remove unbonded capture 
aptamers. The device was stored at 4 ◦C for further use. 

Fig. 1. Schematic illustration of the biosensor based on an acoustofluidic chip. (A) 3D rendering of the acoustofluidic chip. Structures are drawn for illustrative 
purpose and not to scale; (B) Top view of the microfluidic chip under an optical microscope. Inset: a SEM image of the micropillars; (C) A cartoon illustration of the 
side view of the chip. Circular streaming pattern is generated around each PDMS pillar, which is bond with the bottom glass substrate. A piezoelectric ceramic disk 
glued to the bottom of the chip generates ultrasound. (D) Schematic of the thrombin detection process. 
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2.3. Detection of thrombin on the microfluidic chip using HCR signal 
amplification strategy 

HCR was employed as a signal amplification strategy for the detec-
tion of thrombin on the microfluidic chip. It was a series of cascade 
hybridization reactions initiated by the initiation chain in an enzyme- 
free environment at room temperature, which was first put forward by 
Dirks and Pierce [43]. The sequences used in the HCR system were the 
same as the work reported by Ma et al. [44] They were listed as below 
(from 5′ to 3′, it is noted that sticky ends are underlined and the initi-
ating sequence of aptamer (Is@aptamer) is bold). 

H1. AGTAGGTTGTATAGTTCAAAGTAACTATACAACCTACTACCTCA- 
FAM 

H2. FAM- 
ACTTTGAACTATACAACCTACTTGAGGTAGTAGGTTGTATAGTT 

Is@aptamer: TGAGGTAGTAGGTTGTATAGTTAGTCCGTGGTAGGG 
CAGGTTGGGGTGACT 

Before injecting HCR related reagents into the microfluidic channels, 
they were pretreated by the following two steps. Firstly, FAM-labeled 
hairpin DNA probes (H1 and H2) and Is@aptamer sequences were 
heat-annealed in separate tubes at 95 ◦C for 2 min. They were then 
gradiently cooled with 1 ◦C per mintue to room temperature for 1 h 
before use. Different samples were then introduced into the microfluidic 
channels modified with the thrombin captured aptamers, and the device 
was incubated at room temperature for 45 min with or without the drive 
of acoustic streaming for thrombin capture. PBS solution was then 
injected into the channels to wash the unbounded molecules. Finally, the 
mixture of 500 nM Is@aptamer and 4 μM H1/H2 in PBS buffer (0.1 M, 
pH 7.4) were injected into the channels and incubated for 1 h at room 
temperature for HCR signal amplification, and the fluorescence intensity 
of the reaction system was detected using the inverted fluorescence 
microscope. 

2.4. Ultrasonic streaming enhanced thrombin detection on chip 

Acoustic streaming was used to enhance the local fluid flow in the 
microchannel by a low-frequency acoustic filed. To be specific, a 
piezoelectric ceramic transducer (Steminc inc. SMD12T06R412WL, 
nominal resonance frequency 3.4 MHz) was glued by epoxy to the back 
of the microfluidic device, with the center of the ceramic disk under-
neath the channel. The two electrodes of the transducer were connected 
to a wavefunction generator that outputs sinusoidal signals (Keysight, 
33510B). A voltage amplifier (Falco, WMA-300, 50X amplification) was 
used to generate a final voltage of 25–125 Vp-p. In our experiments, a 
frequency range from 120 to 160 kHz was tested, outside of which 
streaming became negligible. Note that this frequency range is much 
lower than the resonance frequency of the transducer, and therefore 
limits the outputted ultrasound power. Polystyrene (PS) microspheres 

(2 μm in diameter) were added to the channel as flow tracers, and their 
speeds were used to represent the fluid flow within a microfluidic 
channel, particularly near the micropillars. In a typical experiment, the 
sample solution was first injected into the microfluidic channel, fol-
lowed by turning on the ultrasound so that micro-vortices were gener-
ated around micropillars. Thrombin solutions were then injected into 
the channel. Experiments with different streaming periods were per-
formed by varying the duration of optimized ultrasound power (0, 10, 
20, 30 and 40 min, respectively) for the reaction between thrombin and 
aptamer, followed by elution with PBS. Then the HCR signal amplifi-
cation mixtures prepared in the previous steps were injected into the 
channel and was allowed to react at room temperature for 1 h. Finally, 
the fluorescence signal was collected by an inverted fluorescence mi-
croscope (Leica, DMB4000B) with a mercury lamp as the excitation 
source. 

3. Results and discussion 

3.1. Schematic illustration of acoustofluidic biosensor device 

A schematic of the acoustofluidic biosensor device used in the cur-
rent experiment is shown in Fig. 1A. The ship-shaped channel was 
designed to facilitate the solution injection and decrease the dead- 
volume inside the channel. In order to increase the surface-to-volume 
ratio of the channel to improve the thrombin capture efficiency, we 
designed an array of PDMS micropillars. According to the experimental 
results, an arrangement of micropillars that was too dense lead to 
chaotic flow and easy formation of air bubbles. The optimized 
arrangement consisted of a PDMS layer containing an array of micro-
pillars (diameter 100 μm with 400 μm spacing) in a rectangular area (5 
mm × 2.5 mm) bond to a glass slide substrate (Fig. 1B). Mass transport of 
biomolecules in an immunoassay is crucial for their binding kinetics and 
ultimately influences the sensor’s performance. The enhanced mass 
transport was mainly achieved by generating microstreaming in the 
channel around the micropillars after turning on ultrasound (Fig. 1C). In 
addition, in order to achieve specific capture of thrombin, the PDMS 
micropillars were modified with aptamers. Stable fluorescence signal 
was finally obtained by enhancement from streaming and HCR signal 
amplification (Fig. 1D). 

3.2. Working principle of immunoassay in acoustofluidic device 

In this work, a pair of hairpin DNA probes (H1 and H2), each with a 
fluorophore at the sticky end, was designed specifically for HCR signal 
amplification to detect thrombin, each with a fluorophore at the sticky 
end. A “sandwich” assay was adopted, where the target was captured by 
the capture aptamer immobilized on the surface of the channel and 
micropillars. An initiator strand that can specifically recognize thrombin 
was injected into the channel, the hairpin structure of H1 was opened, 

Fig. 2. The working principle evaluation of the proposed assay and optimization curve of experimental reagent dosage. (A) Experimental proof of the proposed 
immunoassay and (B) optimization of Is@aptamer concentration and (C) ratio of Is@aptamer and H1/H2. The standard error bars means the variation of three 
independent experiments. 

M. Zhou et al.                                                                                                                                                                                                                                   



Talanta 222 (2021) 121480

4

releasing the hybridization energy. H1 and H2 polymerize non-
covalently to form a long nicked double-helix analogue [43]. The used 
initiator strand has the initiating function at the 3′ end and recognition 
function at the 5’ end. The fluorescence signal was expected to enlarge 
due to the amplified probes on the assembled double-helix analogue 
generated from the modified fluorophore of H1 and H2, resulting the 
sensitivity improvement. 

To verify that the fluorescence was indeed generated from thrombin 
initiated HCR-amplified probe assembly, additional experiments were 
carried out using conventional method by microplate reader without the 
existence of some parameters of the HCR-amplified system. Before HCR- 
amplified system, H1, H2, and Is@aptamer were annealed separately 
and mixed together before assembly incubation. As the red curve shown 
in Fig. 2A, only when the target thrombin was present and with the 
coexist of H1, H2 and Is@aptamer, the opened aptamer-induced fluo-
rescence was generated which was undoubtedly resulted from HCR. 

The concentration of the biotin labeled capture aptamer that specific 
to thrombin was firstly investigated to ensure the completely modifi-
cation of the inner surface of the channel by the aptamer. We used a 
biotin-labeled capture aptamer with a fluorescein (FAM) probe for direct 
detection by confocal fluorescence microscope. As shown in Fig. 2B, 
when the concentration of the biotin-labeled capture aptamer increased 
from 0.5 μM to 10 μM, the fluorescence signal remained nearly the same 
at the concentration of 2 μM which means the saturated modification at 

this concentration. Therefore, we used 2 μM biotin-labeled capture 
aptamer for inner surface modification in the following experiments. 

To obtain the optimal performance of the fluorescence signal of HCR- 
amplified system, the molar ratio between the Is@aptamer and the two 
hairpin chains H1 and H2 was also evaluated on chip. Fig. 2C indicated 
that Is@aptamer with 8-fold H1/H2 can fully complete the assembly. 
The result was in accordance with the data reported in the previous 
literature [45]. As the incubation time was critical for on chip HCR, we 
prolonged the time from 0 to 40 min. As can be seen from Fig. S2 in 
Supporting Information, the fluorescence signal got saturated at the 
incubation time of 30 min. 

During the binding of thrombin to the capture aptamer, the ultra-
sound was loaded into the channel of the microfluidic chip to generate 
microvortices in the channel, and the thrombin was rotated to increase 
the contact efficiency between the capture aptamer and thrombin. 

3.3. Acoustic microstreaming near micropillars 

As was introduced earlier, microstreaming often occurs near 
vibrating micropillars and the device was immersed in water to energy 
dissipation. Although two pairs of vortices are typically observed in 
systems vibrated along the x or y direction, recent experiments and 
simulations suggest that rotational vibration of micropillars produces 
circular microstreaming around pillars [34,46–48]. This was indeed 

Fig. 3. Characterization of micro-streaming around micropillars. (A) Particle Image Velocimetry (PIV) result of the fluid around the PDMS micropillar; (B) Tra-
jectories of tracers (2 μm PS) around a PDMS micropillar; (C) Speed of tracers at different distances from a micropillar under different ultrasound driving voltages. 
The ultrasound frequency was fixed at 150 kHz; (D) Speed of tracers around the micropillars when the ultrasound frequency was changed from 120 kHz to 160 kHz, 
with an ultrasound voltage fixed at 100 V. 
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observed in our system, where circular flows emerged near micropillars 
located above the transducer upon turning on the ultrasound at ~150 
kHz (Fig. 3A). We note the following two features of this micro-
streaming. First, the rotation direction (clockwise or counter-clockwise, 
Fig. 3B) around each micropillar was the same, but this directionality 
could vary upon changing the driving frequency. Second, the flow 
magnitude, as measured by tracking tracer particles, decays gradually 
away from the vicinity of the pillar to the bulk (see measurement in 
Fig. 3C). This flow profile was qualitatively the same as that acquired by 
a previous study of circularly vibrating micropillars [48]. 

Because the magnitude of the streaming, and thus the effectiveness of 
the enhancement of mass transport, is sensitive to changes in the ul-
trasound frequencies and voltages, we carried out experiments to 
quantify this correlation. First, the output voltage was increased from 
25 V to 125 V, while the frequency was set to 150 kHz (Fig. 3C). Flow 
speeds at a radial distance of 10 μm–100 μm from the edge of the pillars 
were measured by tracking the speeds of tracer particles orbiting pillars. 
Results shown in Fig. 3C suggests that, intuitively, a high driving voltage 
produces stronger streaming flows, with a peak speed at a driving 
voltage of 125 V that was ~5 times faster than that at 25 V. Driving 
frequencies, on the other hand, affect the flow speeds in a less linear 
way. Different experiments conducted at frequencies ranging from 120 
to 160 kHz (Fig. 3D) show that fastest streaming (~20 μm/s @ 100 V) 
occurred at 150 kHz, while frequencies below or above this optimal 
frequency resulted in less effective streaming. This frequency is likely 
the resonance frequency of the micropillars, but a detailed investigation 
of the vibration modes of these pillars is beyond the scope of this study. 

Based on the above quantification, a driving voltage of 100 V and a 
frequency of 150 kHz were chosen as the optimal parameters to yield 
fast, yet regular flow patterns (higher voltages could lead to chaotic 
mixing and more severe heating). These parameters were used for all of 
the immunoassay experiments reported in this study. We note that 
heating at such a high driving voltage is inevitable, and this issue is 
mitigated in our experiments by installing a homemade water-cooling 
stage on the microfluidic device. Realistically, the heating issue can be 
largely resolved by choosing a piezoelectric transducer with a resonance 
frequency close to the operating frequency (i.e. 150 kHz), which will in 
principle eliminate the use of a power amplifier. 

3.4. Specificity and sensitivity of the immunoassay for thrombin on the 
microfluidic device 

The specificity of the biosensor depends on the affinity of the 

aptamer, and several common proteins in human serum were detected 
to evaluate the specificity of the platform. The experiments were per-
formed on chip without acoustic field. All the proteins were at the 
concentration of 100 nM. These proteins were added to the detection 
system separately. After the incubation was completed, the reaction 
solution was rinsed out, and the amplification related reagents were 
injected into the chip. As shown in Fig. 4A, only the target thrombin had 
a considerable fluorescence intensity. The common proteins, including 
transferrin (TRF), acyl carrier protein (ACP), human serum albumin 
(HSA), and bovine serum albumin (BSA), had only low and negligible 
fluorescence intensity. The results indicated that the assay had the 
analytical ability to detect thrombin in a complex biological 
environment. 

In order to make better use of this assay, a serial concentrations of 
thrombin were detected on chip under optimal conditions with and 
without acoustic field to obtain the working curves referring to corre-
sponding fluorescence intensity. The calibration curves are shown in 
Fig. 4B. A linear relationship between thrombin concentration and 
relative fluorescence intensity was observed with the concentration 
ranged from 0.1 to 200 nM. The fluorescence intensity of thrombin 
gradually increased with increasing thrombin concentration. Without 
the acoustic field, the equation for the calibration curve is I1 = 8.64393 
+ 5.06796 × CThrombin, R1

2 = 0.9905. As for the assays under the acoustic 
field, the calibration curve is I2 = 5.31856 + 14.2814 × CThrombin, R2

2 =

0.9863. The detection limit was calculated by 3σ rule (see Supporting 
Information) [49]. The results showed that after the application of 
acoustic field, the detection limit increased about 10 times from 139 pM 
to 15 pM because of the passive mixing produced by the acoustic rotary 
microsystem. The results demonstrated that the efficiency of thrombin 
detection can be significantly improved by loading a fluid-enhanced 
acoustic module on a microfluidic chip. Our developed method can 
also be extended to other molecules or cells detections. 

3.5. Human serum sample assay 

In order to evaluate the analytical reliability and application po-
tential of our established platform, human serum samples obtained from 
Shenzhen People’s Hospital were processed for thrombin detection. The 
patients or their legal representative gave written informed consent for 
all investigations and inquires that were conducted in this study. Human 
studies were approved by the Medical Ethics Committee of the hospital. 
To overcome the interference of background fluorescence, serum sam-
ples were firstly diluted to different times with PBS buffer (0.1 M, pH 

Fig. 4. Specificity evaluation of the detection platform and the relationship between fluorescence intensity and thrombin concentration. (A) Specificity evaluation of 
the detection platform. (B) Relationship between fluorescence intensity and thrombin concentration, each point was the average of three measurements. (insert is the 
linear curve for thrombin). The red curve is for the situations with on chip microvortex, whereas the black curve is for that without on chip microvortex. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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7.4). Different amounts of human serum samples were then spiked with 
50 nM thrombin for its detection using our developed method. As shown 
in Fig. 5A, when the content of serum increased from 1% to 50%, the 
fluorescence signals were almost the same as the original signal in the 
buffer. The results indicated that our biosensor had an excellent anti- 
interference ability which is suitable for the application in complex 
biological samples. Furthermore, several serum samples were prepared 
by incorporating different amounts of thrombin into a 20% serum 
sample to obtain the final concentration ranged from 2.5 nM to 200 nM. 
And 20% serum sample without additional added thrombin was used as 
a blank to investigate whether the proteins in the serum have interfer-
ence on the final fluorescence signal. The corresponding fluorescence 
intensities of the thrombin at these concentrations were calculated ac-
cording to the working curve. As displayed in Fig. 5B, the theoretical 
value was nearly the same to that in 20% serum sample. And the 20% 
serum sample has nearly no fluorescence signal. Moreover, the recovery 
rate in human serum was between 94.13% and 106.06%. Acoustic 
streaming in a microfluidic device provides a new insight into thrombin- 
related assay. These results indicate that the sensor platform developed 
has great potential for thrombin detection in real biological samples, 
which was critical to disease diagnosis. Besides, in order to improve the 
detection sensitivity, other sensitive measuring strategies like chem-
iluminescence can be exploited in the future. 

4. Conclusion 

In conclusion, we demonstrated an acoustofluidic chip biosensor 
with a micropillar array that generates acoustic microstreaming. 
Accelerated mass transport by acoustic streaming significantly enhances 
the binding efficiency between the nucleic acid capture aptamer and the 
target molecule thrombin, thereby improving the detection sensitivity 
by at least one order of magnitude. The current device design can be 
improved in the following two aspects to further enhance its mixing 
capability. First, the streaming flows generated by the current chip are 
slower than typical streaming speeds reported in the literature by 
roughly one order of magnitude [47]. Possible limitations include the 
weak bonding between the PDMS pillars and the glass substrate, strong 
acoustic damping by PDMS pillars are soft, and the use of a piezoelectric 
ceramic transducer with an inappropriate resonance frequency. Silicon 
pillars fabricated by etching a Si wafer can solve the first two problems, 
and replacing the transducer will improve the third issue. Second, as 
illustrated by the large-scale flow mapping in Fig. 3A and Fig. S3 in 
Supporting Information, much of the areas in the channel remain 
un-touched by streaming. This was partly due to the same inefficient 

flow mentioned above, and partly because of the geometric designs of 
our micropillar arrays that inevitably left un-reachable pockets of fluids. 
Molecules within those “dead” pockets have to rely on diffusion to reach 
a vortex, from which point the mass transport begins to accelerate. A 
better design of pillar array can in principle mitigate this issue, while 
balancing the presence of chaotic flows we discovered with arrays of a 
higher density. Although this article has focused on the detection of 
thrombin as a model molecule, this streaming-enhanced, micro-
structure-based sensing strategy can be applied to the capture and 
detection of a wide range of molecules or even cells. 
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