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A B S T R A C T   

The limited reaction time and sample volume in the confined space of microfluidic devices give considerable 
importance to the development of more effective biosensing interfaces. Herein, the self-assembling of tetrahedral 
framework nucleic acids (FNAs) with controllable size on the interface of the microfluidic microchannels is 
studied. Compared with macroscopic turbulence control on traditional micro-structured microfluidic surface, the 
novel FNA-engineered microfluidic interface successfully constructs a 3D reaction space at nanoscale by raising 
DNA probes away from the surface. This FNA interface dramatically improves the reaction kinetics during 
molecular recognition due to extremely ordered orientation, configuration and density of DNA probes on the 
surface. Finally, the FNA-engineered interface is applied in a novel multi-functional microfluidic platform, to
wards a “one-stop” assay of Escherichia coli O157: H7 (E. coli O157: H7), integrating capture, release, enrichment, 
cell culture and antimicrobial susceptibility testing (AST). With the FNA-aptamer probe, we achieved an 
enhanced bacterial detecting efficiency (10 CFU/mL) plus excellent selectivity and precision. The appicability 
was strongly demonstrated when the biosensor was successfully applied in real samples, including the analysis of 
antibiotic susceptibility and minimum inhibitory concentration (MIC) of E. coli O157: H7 among different an
tibiotics. The application of FNA interface will open a wide avenue for the development of microfluidic bio
sensors for other pathogenic microorganisms or circulating tumor cells (CTC) simply by changing the aptamers.   

1. Introduction 

For decades, microfluidic biosensors were widely applied in both 
basic and applied investigations, especially for small-volume sample 
analysis, on-site test and lab-on-a-chip assay (Li et al., 2020; Ozen et al., 
2020). Using the precisely controlled fluids in small volume microfluidic 
channel, favorable, reliable, accurate, cost effective, and easy-to-use 
biosensors were developed (Dittrich et al., 2006; Whitesides 2006). 
For most of the microfluidic integrated biosensors, an interface covered 
by functional capture molecules plays a critical role for the recognition 
and capture of the targets in the microchannels (Foley et al., 2008). 
However, the binding efficiency of probes on the interface remains a 

major challenge to the development of microfluidic biosensors, because 
both the volume and the recognition time are limited in the micro
channels (Lynn and Dandy 2007). The follow-on staggered herringbone 
microstructure that generates recirculation perpendicular to the primary 
flow direction is perhaps the best-known answer to improve the 
microfluidic recognition (Stroock et al., 2002; Williams et al., 2008). 
Unfortunately, such mixing approaches only increase the transport of 
the analytes in bulk solution, but the binding efficiency between ana
lytes and probes on the interface still remains a bottleneck of micro
fluidics to overcome. 

The two-phase interface where the electro migration, mass transfer, 
energy exchange and signal conversion happen, is the most critical for 
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better biosensing performance (Helmke and Minerick 2006; Jones et al., 
2014). Well-defined 3D self-assembled “framework nucleic acids” 
(FNAs) have drawn considerable research attention for the development 
of biosensor interface (Ge et al., 2018; Wang et al., 2019; Wiraja et al., 
2019; Yang et al. 2018a, 2018b), with advantages such as simple syn
thesis, high yield, powerful structural rigidity and capacity of multiple 
functionalization with high addressability (Li et al., 2009; Liu et al., 
2019; Song et al., 2020). Several reported biosensors demonstrated the 
high programmability of FNAs on the interface, leading to well defined 
orientation, density and configuration of the probes (Ge et al., 2020; Lin 
et al., 2015; Su et al., 2019). 

Inspired by these works, a novel FNA, a tetrahedral DNA nano
structure (TDN), was designed and assembled onto the surface of the 
microchannel. Compared with macroscopic turbulence control on 
traditional micro-structured microfluidic surface, the novel TDN- 
engineered microfluidic interface successfully constructed a 3D bind
ing space at nanoscale by raising DNA probes away from the surface. 
Thus, the reaction kinetics between the targets and the capture probes 
was dramatically improved. 

As a proof of principle, we developed a novel multi-functional 
microfluidic biosensor for Escherichia coli (E. coli), which is one of the 
most common infections encountered in clinical practice and a common 
disease-causing agent affecting food safety (Hermann et al., 2019; 
Rajapaksha et al., 2019). The main challenges of conventional pathogen 
detection methods and drug sensitivity tests are analysis speed, sensi
tivity and requirement of intricate instruments and complex operation 
(Bush et al., 2011; Shin et al., 2019; Xu et al., 2016). As is well known, 
microfluidic assay is a very promising solution for rapid and sensitive 
pathogen analysis (Li et al., 2019; Liu et al., 2017; Qu et al., 2017). In the 
work, we successfully developed an integrated “one-stop” microfluidic 
biosensor, adapting the joint merits of microfluidic system and FNAs for 
pathogens monitoring. In this platform, each of its microchannels 
comprises an upstream herringbone channel for bacterial capture and a 
downstream microcavity structure for bacterial trapping, culture and 
AST. Finally, this compact microfluidic device with the built-in rigid 
FNA-aptamer probes and microcavities achieved ultrasensitive bacterial 
detection, fast and reliable AST analysis. Our work complements 
particularly the neglected molecular recognition between “dynamic 
analytes” and “static capture substrates”, other than most of the tradi
tional microfluidic assays. 

2. Materials and methods 

2.1. Materials 

All synthetic DNA primers were ordered from Sangon Biotech with 
sequences tabulated in Table S1. The red letters represent restriction 
enzyme action sites. Other materials can be found in Supporting Infor
mation (SI). 

2.2. Preparation of TDNs aptasensing interface 

DNA tetrahedron was constructed with four DNA strands (T1-T4, 
Table S1) according to the published protocol (Lin et al., 2015). Briefly, 
the concentrations of DNA solutions were quantified by UV–visible 
spectroscopy at 260 nm. Equimolar quantities of four strands (10 μM) 
were dissolved in TM buffer (20 mM Tris, 50 mM MgCl2, pH 8.0) with 
final concentrations of 1 μM. The mixture was then heated at 95 ◦C for 
10 min and cooled to 4 ◦C for 25 min by PCR instrument. 

The prepared PDMS was washed with anhydrous ethanol for 3 times, 
and the surface of the PDMS was treated by adding 20 μL anhydrous 
ethanol solution of MPS (2%, V/V) at room temperature for 0.5 h. After 
that, the excess solution was drained and washed with absolute ethanol 
and PBS (1 × , pH 7.4) for 3 times. The sulfhydryl group was successfully 
modified on the surface of PDMS channel. Finally, the reaction between 
the acrylamide groups on TDNs (0.1 μM, 20 μL) and the pendant thiol 

groups on the microchannels at room temperature for 2 h enabled TDNs 
to be successfully assembled on the substrate of PDMS through Michael 
addition (Liu et al., 2004). 

2.3. Bacterial detection, in-microcavity bacterial culture and AST 

E. coli O157: H7 cells were fluorescently labeled with SYTO9 Green 
(5 mM, 0.5 μL, 200 r min− 1, 37 ◦C for 30 min). 1 mL of each diluted 
sample of E. coli O157: H7 cell suspension (101–105 CFU/mL) was 
concentrated to 100 μL and injected into microchannels for 1 h at 37 ◦C. 
After washing twice with PBS (1 × , pH 7.4), bacteria cells were 
observed under a fluorescence microscope. 

After the released E. coli O157: H7 cells and fresh LB medium 
entering the microcavities successively, the PDMS chip was placed in a 
water bath and incubated at 37 ◦C. The growth of bacteria was moni
tored under an optical microscope at 1-h intervals. Likewise, a series of 
antibiotics dilutions (0.125–32 μg mL− 1) were introduced into the 
microcavities for subsequent AST analysis. 

3. Results and discussion 

3.1. The working principle of the integrated microfluidic platform 

The chip consists of six separate microchannels (Fig. 1A). Each 
microchannel consists of two parts: upstream and downstream micro
channel (Fig. 1B). In the upstream channel, herringbone microstructures 
staggered periodically with each “mixing cycle” defined by two 
sequential groups of shifted chevrons (ten chevrons of each group) 
(Forbes and Kralj 2012; Lynn and Dandy 2007). The main function of 
upstream part is to specifically capture the bacteria. To improve the 
contact frequency of DNA probes, a TDN with three acrylamide labels at 
bottom vertexes is assembled on the substrate of the poly
dimethylsiloxane (PDMS) through Michael addition (Liu et al., 2004). 
On the other vertex, one DNA strand (poly T10) stretches out with a 
biotin at the end. When streptavidin (SA) and biotin-aptamer (bio-Apt) 
(Kim et al., 2016) are added consecutively, biotin-Apts can be anchored 
onto the interface through biotin-streptavidin-biotin combination. 
When sample solution flows through the upstream channels, the bac
teria will be specifically captured by the Apts on top of the TDNs 
(Fig. 1C). SYTO 9 green on bacteria generates a detectable fluorescence 
signal for quantification analysis. 

The TDN in this work contains 13 base pairs in each edge which is 
about 4.42 nm long (Fig. 1D). TDNs provide rigid scaffolds with a height 
about 3 nm, thus increase the degree of freedom of the Apts and the 
contact frequence of the target bacteria. More importantly, TDN con
structs an ordered plane arrangement with increased and consistent 
molecular distance (5.12 × 1012 TDNs per square centimeter, section 
1.11 in SI). As a result, the recognizing and capturing capability can be 
obviously improved in comparison with traditional Apts which are 
single strands, tending to fold and collapse on the surface (Lin et al., 
2015). 

In the downstream channel, microcavities (100 μm in diameter) are 
uniformly distributed on both sides of the serpentine channel (35 μm in 
width) (Fig. 1E). The microcavities are connected with the main chan
nels through narrow crossflow channels (35 μm in width). After the 
endonuclease interacts with the restriction sites on Apts (Sequence 
design about the site of EcoRI, section 1.12 in SI), bacteria captured at 
the aptsensing interfaces are released into microcavities, due to the 
hydrodynamic resistance principle (Zhu et al., 2014). 

The red ink experiment (Fig. S1) clearly exhibited this enriching 
effect (Fig. 2A). Some red ink solution was added into the downstream 
channel until both serpentine channel and microcavities were filled 
(Fig. 2B). When the ink in serpentine channel was washed away, the 
microcavities remained filled with red ink under continuous negative 
pressure driving force (Fig. 2C). The result strongly demonstrated the 
feasibility of bacterial trapping in the microcavities, which laid the 
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Fig. 1. Schematic illustration of the “one-stop” microfluidic platform for E. coli O157: H7. (A) Overall design diagram of the chip. (B) A single channel comprises 
herringbone structures (in upstream microchannels) and microcavities (in upstream microchannels). (C) 3D schematic of the herringbone structure and bacterial 
capture. (D) Fabrication of aptasensing interface and preparation of TDNs. (E) 3D schematic of the microcavity structures. 
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foundation for subsequent cell culture and AST. 
The assembling of TDNs was demonstrated by using a Cy3 modified 

streptavidin (SA-Cy3). When TDNs with biotin and acrylamide labels 
were assembled and SA-Cy3 was added, significant fluorescence signal 
was produced (c1-c3, Fig. S2). However, when SA-Cy3 was added onto 
bare surface (a1-a3, Fig. S2) or TDN without acrylamide labels treated 
surface (b1-b3, Fig. S2), no obvious fluorescence signal was achieved. 
The results demonstrated the low unspecific absorption of the BSA- 
blocked microchannel surface. 

3.2. Characterization of TDNs aptasensing interface 

Formation of TDNs was firstly characterized using agarose gel elec
trophoresis. Right as expected, the TDN product showed distinct 
reduction in electrophoretic mobility after DNA molecular self-assembly 
(Fig. S3a). In addition, to further confirm the formation of the TDNs, we 
modified two strands of the TDNs (FT2 and FT4, Table S1, SI) with a pair 
of donor-acceptor dyes (cy3 and cy5) for fluorescence resonance energy 
transfer (FRET analysis) (Lin et al., 2015). As shown in Fig. S3b, the peak 
value of cy3 decreased at 570 nm, while that of cy5 increased at 670 nm, 
which resulted from the FRET because of the proximity of cy3 and cy5. 
This presence of FRET confirmed the successful formation of TDNs. 

AFM images provided more direct evidence for the formation of 
TDNs, through top-view micrographs and 3D image of DNA nano
structures. As shown in Fig. 2D, a large number of independent nano
structures with a height of 3 nm appeared in the field of view in the 
experimental group. The contrast prepared with three DNA strands 
showed only flat chain-like products with a height of about 2 nm on the 
surface (Fig. S4a). And other AFM results also indicated that no 3-nm- 
high TDNs were successfully prepared (Fig. S4b-c). The high- 
magnification AFM graph and Cryo-TEM (Cryogenic Transmission 
electron microscope) characterization (Fig. 2E) indicated the triangular 
shape and good size uniformity of TDNs. 

Then, the formation of TDNs-streptavidin-biotin aptamer (Apt/SA/ 
TDNs) was investigated by electrophoresis. The results showed that the 
amount of the products increased when SA was increased, suggesting 
successful preparation of TDNs-SA compounds (Fig. S5). Then, the 
construction of the Apt/SA/TDNs complex was further characterized. As 
Fig. 2F showed, both TDNs/SA (lane 5) and SA/Apt (lane 6) had 
significantly reduced electrophoretic mobility compared with free 
molecules (lanes 1 and 2). Free biotin-Apts band (red circle in Fig. 2F) 
appeared in lane 6, but not in lane 7, because biotin-Apts combined with 
TDN/SA and thus stayed in the sample well. 

3.3. Verification of enzyme restriction effect 

Fluorescent characterization was performed to verify the restriction 
effect of the EcoRI on cleavage sites. An aptamer with one thiol and one 
fluorescence label at two ends (SH-Apt-Flu) was assembled onto the 
surface of Au nanoparticles (AuNPs). The supernatant of the last wash of 
the Au-Apt-Flu, with and without EcoRI, was analyzed. When EcoRI was 
added, the fluorescent signal of the supernatant dramatically improved 
(blue line, Fig. 2G), because the fluorescent probes were released into 
the solution after the phosphate diester bond was broken. In contrast, 
nearly negligible fluorescence signal was found without the restriction 
enzyme (green line, Fig. 2G). These results confirmed the capacity of 
bacterial release on the TDNs aptasensing interface. 

3.4. Performance of TDNs aptasensing interface in E. coli O157: H7 
detection 

It has been reported that bacteria have good surface attachment 
(Tuson and Weibel 2013). So we took measures to block the surface of 
PDMS and reduce the adsorption behavior of bacteria on it (Fig. S6). The 
specific anchoring ability of Apt/SA/TDNs to E. coli O157: H7 was then 
demonstrated. Fluorescence imaging of SYTO 9 green-stained E. coli 
O157: H7 cells (Fig. 2H) and Cy3-labeled Apt/SA/TDNs complexes 
(Fig. 2I) was performed in the same field of view. The merged image 
(Fig. 2J) illustrated the positions of Cy3-Apt/SA/TDNs were consistent 
with the distribution of E. coli cells. These data clearly showed good 
specificity and capture capability of the aptasensing interface. 

The detection sensitivity of the microfluidic platform was further 
verified through analysis of bacteria with concentration from 101 to 105 

CFU mL− 1, in comparison with normal aptamer strategy. The results 
showed that the fluorescence signal of Apts/TDNs was always higher 
than that of normal aptamers at the same bacterial concentration (A and 
B in Fig. 3). It is worth noting that a single E. coli cell was visually 
observed by Apt/TDN at as low as 101 CFU mL− 1 (red circle, Fig. 3A and 
Fig, S7a), while the regular aptamer strategy was only 103 CFU mL− 1 

(Fig. 3B and Fig. S7b). When we analyzed the relative fluorescence in
tensity of the image, the signal intensity of Apt/TDN was proved to be 
35-fold higher than that of normal aptamer for 105 CFU mL− 1 bacteria 
(Fig. 3C). A calibration curve was constructed in Fig. 3D (Y = 0.73943X- 
0.08464, R2 = 0.9986) from 101 to 105 CFU mL− 1, spanning over 5 
orders of magnitudes. The limit of detection was determined to be 101 

CFU mL− 1 experimentally (Calculation details can be found in section 
1.11 in SI). 

As mocking tests, different concentrations of E. coli O157: H7 were 
spiked into the blank milk samples (Zhang et al., 2020). The recoveries 
(Table S2) were from 93.5% to 107.1% with relative standard deviations 
(RSDs) of 2.6%–4.5% (<10%), indicating acceptable accuracy and 
precision of the Apt/TDNs-based biosensor for E. coli O157: H7. 

The specificity of the TDNs-aptasensing method was also investi
gated. As shown in Fig. 3E, the fluorescence intensity induced by non- 
specific bacteria was negligible compared with that of specific E. coli 
O157: H7. Such partnership between Apts and TDNs set up an entity of 
capture interface, endowing this recognition means with extraordinary 
sensitivity and selectivity. 

Noteworthily, double-labeling fluorescence analysis was realized in 
our system. After SYTO 9 green labeled bacteria were captured, Cy3 
labeled Apts were added to combine onto the spare surface of E. coli 
O157: H7 (Fig. 3F). The results were shown in Fig. 3G: the left figure 
showed the SYTO 9 green on the genetic materials inside the bacteria, 
the middle figure showed red signal from Cy3-Apts on the surface, and 
the merged image clearly demonstrated that two signals came from 
different locations of the same bacteria. We believe the double-labeling 
analysis can effectively improve the specificity based on the analysis on 
two fluorescence channels, and the sensitivity can be further improved 
by applying rolling circle amplification (RCA) to these Apts primers (Yan 
et al., 2012). 

3.5. Bacterial enrichment and culture 

Distinct from the enrichment of immune magnetic beads, which re
quires a series of biochemical identification after cell culture, the 

Fig. 2. (A) The microfluidic device developed in the work. (B) Red ink filled downstream microchannel completely. (C) Only microcavities were filled with red ink. 
(D) AFM illustration of TDNs. Top-view micrograph of 4 μm2 scanning area (left) and the 3D image of height (right). Height bar was 3 nm. Insert: a high- 
magnification micrograph of TDN. The bar was 40 nm. (E) Cryo-TEM (Cryogenic Transmission electron microscope) characterization of TDNs. Insert: a high- 
magnification micrograph of TDN. The bar was 5 nm. (F) Agarose gel electrophoretic characterization of different complexes. Lane M: 25 bp DNA ladder 
Marker; Lane 1: bio-TDNs; Lane 2: bio-Apts; Lane 3: SA; Lane 4: bio-TDNs + bio-Apts; Lane 5: bio-TDNs + SA; Lane 6: bio-Apts + SA; and Lane 7: bio-TDNs + SA +
bio-Apts. (G) Comparison of fluorescence values after enzyme restriction. (H) Fluorescence image of E. coli O157: H7 cells stained with SYTO green 9. (I) Fluorescence 
image of Cy3-labeled Apt/SA/TDNs complex on bacterial surface. (J) Overlap of the Figure H and I. Scale bars were 50 μm; the concentration of E. coli cells was 105 

CFU mL− 1. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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invention here works in a microcavity structure to monitor the bacterial 
state in real time. Fig. 4A showed the optical and the corresponding 
fluorescent image of trapped E. coli O157: H7 (106 CFU mL− 1). As the 
concentration of E. coli cells decreased, the number of bacteria enriched 
in microcavities responsively decreased (Fig. S8). According to the sta
tistical analysis, the enrichment rate of bacteria reached 92.8% (section 
1.11 in SI). Then, the performance of microcavity as an individual 
bacterial culture chamber was verified. As shown in Fig. 4B, bacteria 
grew and dispersed in the circular space vigorously, until they crowded 
with each other and filled the microcavity. We compared the prolifer
ation capacity of cells in microcavities with that of conventional 96-well 
method (Fig. 4C). Interestingly, although both methods reflected the 
proliferation of bacteria during the lag phase and logarithmic growth 
period, the growth efficiency in microcavities was obviously higher than 
that of traditional method (Fig. 4D) (Univariate Analysis of Variance in 
section 1.11 of SI), the result of which was consistent with previous 
literature (Luo et al., 2008). This results also strongly suggested that 
bacteria remained highly active after manipulations such as capture and 
release. 

3.6. In-microcavity AST of E. coli O157: H7 cells 

AST is essential for precise antibiotic delivery against antimicrobial 
resistance (AMR) (Doern 2011; Reller et al., 2009). However, the main 
problem with current AST methods is the speed, mainly due to the long 
lag phase and low growth rate of microorganisms (Bertrand 2019; van 
Belkum et al. 2019, 2020). It was clearly shown in Fig. 4D that the 
growth efficiency of bacteria in microcavities was obviously higher in 
the lag phase and logarithmic phase, thus we believe in-microcavity AST 
should be more effective. Moreover, our chip can further improve the 
experiment efficiency by using six serpentine microchannels for the 
study of varied changes of bacteria under the stimulation of different 
concentrations of antibiotics, or different kinds of antibiotics. 

Therefore, as a proof-of-principle, E. coli O157: H7 captured by the 
upstream channels and released into downstream microcavities were 
taken as the model bacteria to verify the performance of in-microcavity 
AST strategy. From the four most common classes of antibiotics with 
different antibacterial mechanisms (Kapoor et al., 2017), six represen
tative antibiotics were selected as follows: kanamycin sulfate (KS) and 
streptomycin sulfate (SS) are aminoglycosides; ofloxacin (OFX) and 
norfloxacin (NOR) are quinolones; chloramphenicol (CHL) belongs to 
chloramphenicol and lincomycin hydrochloride (MY) is a lincosamide. 

Fig. 3. Fluorescence images of E. coli O157: H7 cells captured by Apts/TDNs (A) and regular Apts (B); Bacteria cells were stained with SYTO green 9. (C) Comparison 
of relative fluorescence intensity between experimental groups (A) and control groups (B) at bacterial concentrations of 105–101 CFU mL− 1. (D) Calibration curve for 
the analysis of E. coli O157: H7 (each point represented 3 parallel experiments). (E) The specificity of the TDNs-aptasensing method. From left to right: E. coli O157: 
H7 cells (103 CFU mL− 1) and 105 CFU mL− 1 of E. coli O6, Salmonella typhimurium (S. typhimurium), Staphylococcus aureus (S. aureus) and Listeria monocytogenes 
(L. monocytogenes), respectively. Scale bars were 50 μm. (F) Schematic diagram of the recognition between Cy3-Apts and free active sites on the surface of captured 
bacteria. (G) E. coli O157: H7 cells stained with SYTO green 9 (in green color), Cy3-Apts on the surface of captured bacteria (in red color), and the merged image. 
Insert: High-magnification micrograph of the bacterial cell. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version 
of this article.) 
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It has been now widely accepted that aminoglycosides, quinolones, 
and chloramphenicol belong to broad-spectrum antibiotics which can 
effectively kill a variety of bacteria or slow their growth; lincosamide 
antibiotics have a more significant biasing activity against most of the 
Gram-positive bacteria. On this basis, we assumed that the number of 
E. coli O157: H7 in microcavities should decrease when exposed to KS, 
SS, OFX, and NOR, as well as CHL, while MY should have no significant 
effect on it. The results in Fig. 5 were just as expected. Each of the time- 
killing and dose-response graphs from Fig. 5A–E showed clear antimi
crobial effect of the corresponding antibiotic. For MY, there was no 
significant antibacterial effect even at the concentrations of 8 μg mL− 1 

(Fig. 5F). The minimum inhibitory concentration (MIC) is defined as the 
lowest concentration of a drug that inhibits the visible growth of a 
microorganism (Lee et al., 2019). The MICs of KS, SS, OFX, NOR, and 
CHL were 4, 8, 0.5, 1, and 2 μg mL− 1 respectively. We also found that 
though MY was less effective against Gram-negative bacteria, it still 
showed antibacterial activity against E. coli O157: H7 at higher con
centrations (Fig. S9). 

These results were consistent with broth dilution method performed 
in 96-well plates (Fig. S10), demonstrating the efficacy of in-microcavity 
AST strategy. Not only that, in-microcavity strategy benefited AST in 

two other aspects: First, its time-consuming was greatly reduced. In- 
microcavity AST can be completed in 5 h, while the traditional 
methods take at least 24 h. In addition, real-time study of drug resistant 
response was performed in microcavities, where the number and the 
morphological changes of bacteria can be visually observed. As shown in 
Fig. 5G and Fig. S11, with increasing KS concentration, we could intu
itively monitor the decrease of E. coli population, and even observed 
fragments of dead bacteria (4 μg mL− 1, Fig. 5G). This real-time obser
vation helps to identify individual cells that remain alive or in a state of 
suspended animation in the presence of antimicrobials, which may 
cause infection once more (van Belkum et al., 2020). 

To exemplify the competency of the TDNs-based microfluidic plat
form in pathogen studying, a crosswise comparison was carried out 
among common available technologies in Table 1. This microfluidic 
platform served predominantly as an integrated device over other 
methods. 

4. Conclusions 

In summary, a “one-stop” microfluidic platform was developed by 
manipulating the elements of TDNs aptasensing interface in the fluidic 

Fig. 4. (A) Optical image, fluorescence image and merged image of cells enriched in microcavities from left to right. The initial bacteria concentration was 106 CFU 
mL− 1. (B) Optical images of the proliferation of E. coli O157: H7 cells (with an initial concentration of 102 CFU mL− 1) in microcavities over time from 0 h to 18 h. 
Scale bars were 20 μm. (C) Comparison of proliferation results of E. coli O157: H7 cells in microcavities and 96-well plates with equal culture time. (D) Univariate 
analysis of variance between the proliferation in microcavities and in 96-well plates. 
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system. The integration of essential components responds to simplified 
requirement for on-chip sized-based bacterial capture, release, enrich
ment, in-vitro culture and drug sensitive test. Compared with the 
existing methods, the integrated platform offers the following multiple 
unique advantages: (1) the spatial orientation of tetrahedral FNAs offers 
a nano-bio interface for fluidic microsystems, thus achieving a desirable 
molecular recognition efficiency; (2) the Apt/TDNs aptasensing inter
face serves as a chemical filter to selectively load target bacterial path
ogens into the observation area. Therefore, it is not necessary to 
distinguish symbiotic bacteria from pathogens in complex samples and 
(3) bacterial inhibition in the microcavity can be observed visually in as 
little as 2 h. As a matter of fact, if the same fast AST is carried out on 96- 
well plates, false-positive results may be generated due to the vague 
absorption value at OD600. In addition, the platform still needs to be 
further improved in several aspects, such as integrating automatic 

imaging analysis technology to improve the efficiency of signal collec
tion, so as to meet the research needs of more actual samples in the 
future. All in all, this potent fusion across microfluidics and FNAs would 
chart a promising and invigorating course towards the future studies of 
pathogenic microorganism or tumor cells. 
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Comparison between the integrated microfluidic platform and the present methods.  

Method Functionality Sample volume 
(μL) 

Analysis 
Time 

LOD (CFU 
mL− 1) 

Specificity Cost Ref. 

Microbiological culturing and isolation Culture _ 7–8 day _ Low Low Velusamy et al. 
(2010) AST 

ELISA Detection _ 24 h 104 Low High Patel et al. (2020) 
AST 

Multiplex PCR Detection 100–200 3 h–4 h 3–200 High High Czilwik et al. (2015) 
Aptamer-based colorimetric biosensor Detection _ >4 h 103 High Low Bayrac et al. (2017) 
Raman spectroscopy AST 100 2–3 h _ _ High Kirchhoff et al. (2018) 
Microfluidics for bacterial movements AST <500 105 min-24 h _ _ Low Kara et al. (2018) 
Dendrimer-aptamer-based microfluidics and 

RCA 
Detection 50 >5 h 102 High Low Jiang et al. (2017) 

Adaptable Microfluidic system Classification 20 30–120 min 5 × 103 Low Low Li et al. (2019) 
Culture 
AST 

Multi-layered centrifugal microfluidics AST 200 3 h _ _ High Tang et al. (2018) 
FNA-based Integrated microfluidic platform Detection <20 4–8 h 101 High Low This method 

Release 
Enrichment 
Culture 
AST  
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