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Abstract 

MicroRNAs have been identified as promising biomarkers for human diseases. The development 

of a point-of-care (POC) test for the disease-associated miRNAs would be especially beneficial, 

since miRNAs are unexpectedly well preserved in various human specimens, including urine. 

Here, we present the Mach–Zehnder interferometer-miRNA detection system capable of 

detecting multiple miRNAs in clinical urine samples rapidly and simultaneously in a label-free 

and real-time manner. Through measurement of the light phase change, the MZI sensor provides 

an optical platform for fast profiling of small molecules with improved accuracy. We 

demonstrate that this system could specifically detect target miRNAs (miR-21, and let-7a), and 

even identify the single nucleotide polymorphism of the let-7 family of miRNAs from synthetic 

and cell line samples. The clinical applicability of this system is confirmed by simultaneously 

detecting two types of miRNAs in urine samples of bladder cancer patients in a single reaction, 

with a detection time of 15 min. The POC system can be expanded to detect a number of 

miRNAs of different species and should be useful for a variety of clinical applications requiring 

at or near the site of patient care.  
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1. Introduction 

Mature microRNAs (miRNAs) are a class of short (19–24 nucleotides), single-stranded 

endogenous non-coding RNAs that can play pivotal regulatory roles in the gene expression 

networks of animals and plants (Bartel et al., 2004). An increasing number of miRNAs have 

been reported as potential biomarkers of a variety of diseases, including cancers (Calin et al., 

2006; Lu et al., 2005),
 
cardiovascular diseases (Van Rooij et al., 2012; Small et al., 2011), 

neuron-related disorders (Miller et al., 2010; Haramati et al., 2010; Maes et al., 2009), and some 

infectious diseases (O'Neill et al., 2011). Some miRNAs have shown capability in diverse 

clinical applications, such as in diagnosis (Pritchard et al., 2012; Dong et al., 2013) and in the 

evaluation of drug efficiency (Van Rooij et al., 2012; Broderick et al., 2011).  

     Recent advances in the detection of small molecules have led to considerable interest in the 

development of POC devices for the detection of miRNAs. In particular, since the miRNAs can 

be unexpectedly well preserved in various human specimens, including blood serum, plasma, 

urine, and frozen tissues (Waber et al., 2010), a myriad of approaches have been developed over 

the last decade to detect miRNAs in various clinical samples (Dong et al., 2013). 

     The widely applied methods for the detection of miRNAs include quantitative reverse-

transcriptase polymerase chain reaction (qRT-PCR) (Dong et al., 2013; Aravin et al., 2005; 

Mestdagh et al., 2009), northern blot analysis (Lagos-Quintana et al., 2001; Dangwal et al., 

2012), and microarrays (Liu et al., 2004; Thomson et al., 2004). However, these traditional 

techniques may not be suitable for POC applications owing to their high-cost and time-

consuming processes, and the requirement of specialized laboratory equipment or trained 

personnel. Other techniques based on electrochemical biosensor (Wen et al., 2012; Degliangeli et 

al., 2014; Gao et al., 2013; Ren et al., 2013; Deng et al., 2014a,b) and electronic detection using 

a carbon nanotube field-effect transistor (Ramnani et al., 2013) have been proposed to facilitate 

the label-free and amplification-free detection of miRNAs in synthetic and cell lines samples 

with ultra-high sensitivity (sub-femtomolar) and excellent selectivity. Microfluidic-assisted 

devices (Arata et al., 2012; Roy et al., 2011) have also been proposed as an effort to develop 

simple and fast POC testing for the detection of miRNAs. Arata et al. reported rapid miRNA 

detection using laminar flow-assisted dendritic amplification on a power-free microfluidic device 

(Arata et al., 2012).
 
However, all these techniques still require tedious incubation steps (Wen et 
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al., 2012; Ramnani et al., 2013), temperature control during the incubation process (Wen et al., 

2012; Ramnani et al., 2013), sophisticated fluorescent microscopes for single detection 

(Degliangeli et al., 2014; Gao et al., 2013; Ren et al., 2013; Deng et al., 2014a,b; Arata et al., 

2012; Roy et al., 2011), and additional signal enhancement mechanisms by using nano-particles, 

and polymer films (Degliangeli et al., 2014; Gao et al., 2013; Ren et al., 2013; Deng et al., 

2014a,b), which are not easily adoptable in the POC diagnostics. 

     To overcome these constraints, a number of optical-biosensors for direct detection of 

miRNAs have been introduced based on gold nanoparticle (Roy et al., 2011), the surface 

plasmon resonance (SPR) (Nasheri et al., 2011; Sipova et al., 2010), the surface enhanced 

Raman scattering (SERS) (Driskell et al., 2008)
 
and the silicon microring resonators (SMR) 

(Qavi et al., 2010, 2011), which feature high sensitivity, rapid time to result, on-site analysis, and 

multiplexing capability. For example, the SPR method allows detection of single miRNA within 

30min for DNA/RNA antibody-based assay with concentration down to 2pM (Nasheri et al., 

2011; Sipova et al., 2010). Silicon microring resonator based sensor has been deployed to detect 

miRNA by monitoring the resonance wavelength shift caused by the hybridization of the 

sequence-specific target and probe. It is able to fast detect formation of DNA/miRNA and 

DNA/miRNA/RNA-antibody down to 150 fmol and 350 amol, respectively (Qavi et al., 2010, 

2011). Despite these advances, many of these techniques have not shown multiplexing capability 

in a single reaction with high selectivity, which is critical for clinical applications owing to the 

common challenges of limited sample quantity, low abundance of target molecules, and 

complexity of the sample composition. 

     We herein first report on the development of a POC system, based on a silicon nitride optical 

sensor, for the rapid, accurate, and multiplexed detection of miRNAs in human urine samples, 

which is a very useful human body fluid for non-invasive diagnostics. The sensing device is a 

novel integrated optical biosensor based on a slot waveguide Mach–Zehnder interferometer 

(MZI) configuration, which can directly detect miRNAs in a label-free and real-time manner 

through the measurement of the light phase change caused by the formation of the double-

stranded structure between the complementary DNA capture probe and the target miRNA. In 

addition, the detection procedure does not require a pre-incubation step or temperature control, 

which is an important factor for the development of a practical POC device. Combined with the 
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portable optical measurement system and improved MZI sensor, the MZI-miRNA system is 

demonstrated here for label-free, amplification-free, rapid (within 15 min), highly sensitive and 

simultaneous detection of miRNAs, miR-21 and let-7a, in the urine samples of patients with late 

tumor stages (T2/T3) bladder cancer. Urine based cancer diagnostic testing is particularly 

attractive as urine is a promising source for the biomarkers. Moreover, urine is relatively clean 

medium which contains fewer interfering proteins compared to blood and amenable to non-

invasive sampling (Lokeshwar et al., 2005; Tilki et al., 2011; Schmidt et al., 2009). Recently, a 

series of miRNA have been found as potential biomarkers for the bladder cancer with high 

sensitivity and specificity (Hanke et al., 2010; Mengual et al., 2013). Therefore, this POC MZI-

miRNA system for miRNA biomarker detection in urine is useful for prognosis and monitoring 

of human bladder cancer development. Although further clinical studies are needed, the current 

study opens the door to implementing an accurate, reliable, and non-invasive system for 

screening of high-risk individuals for early cancer detection, monitoring of cancer recurrence and 

assessing effects of cancer therapy.       

 

2. Materials and methods  

2.1. Device fabrication and characterization 

     The MZI biosensor was fabricated using standard Complementary Metal–Oxide–

Semiconductor (CMOS) processes as described in the previous reports (Liu et al., 2013; Tu et al., 

2012). Briefly, the slot waveguides, strip waveguides and gratings were patterned on 

commercially available 200 mm silicon wafer with 400 nm-thick Si3N4 layer and 3 m-thick 

oxide layer by 248 nm deep UV lithography and etched by reactive ion etching (RIE) process, 

followed by the deposition of 2 m PECVD SiO2 as a top cladding layer. Finally, a window was 

opened for the slot waveguide sensing region using a combination of RIE dry etching and wet 

etching process. The device contains four identical MZI sensors. For each MZI sensor, the 

waveguide splits into two arms (reference arm and sensing arm) with a Y junction and 

recombines again after a certain distance.  The reference arm consists of a strip waveguide (1 m 

wide and 400 nm thick with a 75 nm thick slab), whereas the sensing arm consists of a slot 

waveguide (500 nm wide, 200 nm wide gap and a 75 nm thick slab, Fig 1.a). The total length of 

the slot waveguide for sensing is 7 mm. A mode converter of 20 m long is used to convert the 
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light between the strip waveguide and the slot waveguide with minimal loss (Fig 1.b). Si3N4 

vertical grating couplers are used for light coupling into and out of the device (Fig. 1c). 

 

2.2. Optical measurement system  

     For the optical characterization of the MZI sensor, the light coming from a tunable laser 

(Santec,TSL-510, Komaki, Aichi, Japan) at a wavelength 1562 nm passes through a polarization 

controller and a fiber pigtailed collimator which are used to control the polarization of the input 

light to transverse electric (TE) polarization and collimate output light from the fiber respectively. 

Then the light is coupled into the sensor through the grating coupler. The light at the output of 

the sensor is coupled out through another grating coupler and its intensity is detected with an IR 

InGaAs camera (Xenics, Bobcat-1.7-320, Leuven, Belgium). The camera is remotely controlled 

through a computer interface developed in our laboratory using the LabVIEW program. The 

optical power reading versus time is recorded every 50 ms in real time using the LabVIEW 

program. To avoid temperature fluctuations, all experiments are performed at 25 C. Input power 

was chosen so that the maximum intensity of the output light corresponds to the pixel saturation 

level to obtain a maximum signal-to-noise ratio. The oscillating relationship between the input 

light intensity Iin and output intensity Iout is expressed as (Liu et al., 2013) 

Iout/Iin  [1+V cos( + 0)],                                               (1) 

where  is the phase difference between the two arms which is induced by the formation of the 

double-stranded structure between the complementary DNA capture probe and the target miRNA.  

0 is a fixed initial phase difference due to unbalance of two arms and V is the visibility factor 

indicating the contrast of the interference signal and defined as . The 

phase change  is directly extracted from the output intensity variation according to Eq.(1).   

 

2.3. On-chip setup for single and multiplexed detection of miRNA 

     For the single detection of miRNA (one probe), we used microfludic chamber shown in Fig. 

1d, where the liquid flow was controlled by a peristaltic pump (Watson Marlow 401U/DM3, 

Falmouth, UK). Pure PBS was first injected into the microfluidic chamber at a rate of 8.5 µL/min 

and a reference optical power was taken. Then the solution of target miRNA in PBS with various 

concentrations was injected into the chamber and the variation of the output optical power was 
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monitored in real time. The volume of the solution chamber was 36.5 µl. For the detection of 

miRNA, we first applied the PBS solution to the chamber. After the output optical signal was 

stabilized, the PBS solutions containing the miRNA target were added to the chamber 

respectively. Each hybridization measurement time was 15 min. All experiments were carried 

out at room temperature. For the detection of multiple miRNAs, open chamber made from 0.2-

m thick double-side plastic tape was placed on the sensor and the solution with target miRNA 

was directly applied using digital pipette. The volume of each tested sample was 70 l. The 

purpose of using open chamber together with digital pipette is for future MZI-miRNA well 

system.  

 

2.4. Immobilization of DNA probes for capturing the miRNAs 

     All synthetic DNA probes and miRNAs were obtained from Integrated DNA Technologies 

(Coralville, IA). All DNA probes and miRNA target sequences were HPLC purified and RNase-

free HPLC purified, respectively (Table 1). The human miRNA sequences are available at the 

miRBase sequence Database (www.mirbase.org). For the immobilization of the probe on the 

sensor surface, we used the modified protocol for the surface modification as previously 

described (Liu et al., 2013; Shin et al., 2014). Briefly, the sensor chip was first treated with 

oxygen plasma. It was then immersed in a solution of 2% 3-aminopropyltriethoxysilane (APTES) 

in a mixture of ethanol/H2O (95%/5%, v/v) for 2 hours followed by thorough rinse with ethanol 

and de-ionized (DI) water. It was then dried under a nitrogen gas stream and baked at 120 
o
C for 

15 minutes. The sensor chips were then incubated with 2.5% glutaraldehyde (GAD) in DI water 

containing 5 mM sodium cyanoborohydride for 1 hour, and then rinsed with DI water. All 

chemical reagents including APTES, GAD solution (50% weight in water), and sodium 

cyanoborohydride solution (5.0 M in 1 M NaOH) were purchased from Sigma-Aldrich (St. Louis, 

MO). The immobilization of the DNA capture probe on the surface for single target 

measurement was then prepared by incubating the sensor chips in 1 μM of DNA capture probe in 

PBS containing 5 mM sodium cyanoborohydride for 16 hours in a moist environment at room 

temperature. After incubation, excess DNA capture probe was removed from the surface by 

washing the chip three times for 5 minutes each with MES buffer (2-(N-morpholino) 

ethanesulfonic acid, PH=6.0) and dried. On one chip, there are totally 15 sensors. For the chip 

http://www.mirbase.org/
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used for multiplexed measurement in clinical samples, all process steps are the same as 

previously described except that four different probes were separately applied onto the surface of 

four neighboring sensors using droplet (800 picoliter) based microarrayer (SciFlexarrayer-S3, 

Scienion). 

 

2.5.miRNA extraction from cell lines and clinical urine specimens 

     The A549 (lung) and MCF7 (breast) cell lines were obtained from the American Type Culture 

Collection and cultured according to manufacturer’s instructions. The cells was maintained in 

plastic culture dishes with high-glucose Dulbecco’s modified Eagle’s Medium (DMEM, Life 

Technology) supplemented with 10% fetal calf serum (FCS) in a 37 °C humid incubator with 5% 

ambient CO2. The cells were counted with an automated cell counter (Luna, Logos biosystem) 

prior to lysis as previously described (Lokeshwar et al., 2005; Shin et al., 2013). The pellet was 

resuspended in Qiazol Lysis reagent (Qiagen, Hilden, Germany), and the total small RNAs were 

extracted using the miRNeasy Mini Kit (Qiagen, Hilden, Germany). Prior to experiments, the 

small RNA extracts were resuspended in PBS and the concentration monitored using a 

multimode plate reader (EnSpire, PerkinElmer). Finally, the aliquots (100 ng of total miRNAs) 

were stores at 80 degree until used. Human urine samples from patients with late stages of 

bladder cancer were collected after written informed consent was obtained from patients at the 

National University of Singapore Hospital and Hôpital Edouard Herriot. The 200 µl of urine 

samples were lysed with Qiazol Lysis reagent, and the total small RNAs were extracted using the 

miRNeasy Mini Kit as described above for the cells from cancer cell lines. Prior to experiments, 

the small RNA extracts were resuspended in PBS and the concentration monitored using a 

multimode plate reader (EnSpire, PerkinElmer). Finally, the aliquots (100 ng of total miRNAs) 

were stored at  80 degree until used. 

 

2.6. Quantitative real-time Polymerase Chain Reaction (qRT-PCR)  

          Quantitative reverse-transcriptase PCR was performed to verify the expression of the 

miRNAs. The target miRNAs for RT-PCR were obtained from the patient’s urine with late 

tumor stage of bladder cancer. For the one-step RT-PCR, the following procedure is modified 

from the protocol supplied with All-in-one miRNA qRT-PCR reagent kit (GeneCopoeia). Briefly, 
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for the reverse transcription of miRNA to make complementary DNA (cDNA), 10 µl (total 

100ng; 10 ng l
-1

) small RNAs were incubated at 37 degree for 60 min in a total volume of 25 µl, 

containing 1 µl poly A polymerase (2.5 Unit l
-1

), 1 µl RTase mix, 5 µl 5 X RT buffer and 8 µl 

water (RNase/DNase-free), and then incubated it at 85 degree for 5 min for inactivation of the 

enzyme. Finally, 2 µl the first strand cDNA was amplified in a total volume of 20 µl, containing 

10 µl 2X all-in-one qPCR mix, 2 µl (0.2 µM) company provided each primer (miR-12, let-7a, 

and U6 as an internal control), and 2 µl (0.2 µM) universal adaptor PCR primer, and 4 µl double 

distilled water. An initial pre-incubation cycle of 95 °C for 10 min was followed by 40 cycles at 

95 °C for 10 s, 62 °C for 20 s (for all miRNAs), and 72 °C for 10 s; and by a cooling step at 

40 °C for 30 s. The amplified products with ROX signals were carried out on a LightCycler 2.0 

(Roche Diagnostics). Relative expression level of the target miRNAs was normalized to 

expression of U6, an internal control for miRNA quantification (Peltier et al., 2008; Wang et al., 

2012). 

 

3. Results and discussion 

3.1. POC MZI system for miRNA detection  

     Figure 1 shows a schematic diagram of the disposable MZI-miRNA chip and the 

measurement setup for multiplexed miRNA detection. The MZI-miRNA system employs a 

previously reported silicon nitride slot waveguide-based MZI sensor (Liu et al., 2013; Tu et al., 

2012), but introduces a new sensor readout system for the multiplexed detection and a new light-

coupling method for POC application. The portable measurement platform consists of a fiber 

pigtailed collimator for launching light into the sensor chip, a stage to hold the disposable MZI-

miRNA chip, and an infrared-lens-camera system for monitoring the output light intensity (Fig. 

1d). The platform size is 145mm 100mm 200 (L W H) and the total weight is ~ 2kg. For 

silicon photonic biosensors, the combination of a vertical grating coupler with fiber optics is a 

typical choice of light-coupling methods (Carlborg et al., 2010). However, the alignment 

tolerance for such a setup is only a few micrometers, which is too strict for a click-and-go 

disposable cartridge. A sophisticated optical scanner system for focusing the beam spot onto the 

grating coupler has already been developed to increase the coupling efficiency, but is not suitable 

for POC application owing to its high cost (Qavi et al., 2010; Iqbal et al., 2010). Here, we have 
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instead adopted a collimator-based light-coupling system with more than 20 m of tolerance 

(lateral ~20 m; vertical ~70 m), which can be easily implemented to the cartridge system. On 

the sensor chip, as shown in Fig. 1, light of a single wavelength from the collimator is first 

coupled into an array (four in this work) of strip waveguides through vertical grating couplers. 

Then, the light splits into two arms (reference arm and sensing arm) with a Y junction and 

recombines again after a certain distance. The reference arm consists of a strip waveguide, 

whereas the sensing arm consists of a slot waveguide. The choice of a slot waveguide to form the 

sensing arm was made because of its enhanced light–analyte interaction in the slot region, and 

therefore its higher sensitivity compared with traditional waveguides such as the strip waveguide 

and ridge waveguide. In the sensing arm, the light in the strip waveguide is converted into a slot 

waveguide through a mode converter. The entire sensor is covered with a cladding layer, as 

shown in Fig. 1, apart from a section above the sensing arm, where the sensing slot waveguide is 

exposed to the solution of miRNA targets (the cladding layer of the first sensor on the right side 

is not shown, for clarity). The interference of light traveling through the two arms causes an 

intensity modulation at the waveguide output, and its oscillating relationship is dependent on the 

phase change that the light experiences in the sensing arm. For miRNA detection, the formation 

of the double-stranded structure between the complementary DNA capture probe and the target 

miRNA causes the effective index change of the slot waveguide and hence the phase change in 

the sensing arm. With this phase change in the sensing arm, the output intensity changes 

accordingly, as shown in Fig. 1e, which is monitored with an infrared (IR) camera. Since the 

phase change can be extracted from the output intensity variation, the hybridization between the 

probe and target from each MZI sensor can be simultaneously detected by monitoring the output 

light intensity captured by the IR camera. 

 

3.2. Sensitivity of POC MZI system  

     To examine the system for the direct detection of miRNAs, we used synthetic 

oligoribonucleotides (targets) and oligonucleotides (probes) (Table 1) representing four different 

mature human miRNAs (miR-21, miR-122, let-7a, and let-7c) (Lagos-Quintana et al., 2001; 

Ambros et al., 2001; Calin et al., 2004; Wang et al., 2009; Li et al., 2013) as the target miRNAs 

and the complementary probes to the target sequences. First, the DNA capture probe was 
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covalently immobilized on the amine-modified MZI sensor surface by immersing the chip in 

probe solution and then the miRNA target was added into the microfluidic reaction chamber to 

hybridize with the DNA capture probe. Briefly, in the presence of the matched target miRNA in 

solution, the DNA probe will hybridize with the target miRNA to form a double-stranded 

DNA/miRNA heteroduplex that causes the phase change, resulting in the measurable output light 

intensity change. In contrast, in the presence of a mismatched miRNA in solution, the single-

stranded DNA probe will remain unhybridized on the surface. The light phase variation in the 

MZI sensing arm is thus proportional to the slot waveguide effective index change caused by the 

formation of double-stranded DNA/miRNA heteroduplexes. Based on this principle, two specific 

synthetic miRNAs (let-7a and miR-21) diluted serially to a concentration range of 1 fmol l
-1

 (1 

nM) to 1 pmol l
-1

 (1000 nM) were analyzed with the MZI-miRNA system to determine the 

detection limit of the sensor. Figure 2 shows the sensor response to the range of concentrations 

of the synthetic miRNAs. For both let-7a (Fig. 2a) and miR-21 (Fig. 2b), the highest 

concentration of the input matched target caused a steep increase in the phase change and was 

saturated (about 2 ) within 15 min by the formation of double-stranded DNA/miRNA 

heteroduplexes. Moreover, the miRNAs could be detected at a concentration as low as 1 fmol l
-

1
, despite the minimal change (0.054  for let-7a and 0.08  for miR-21). It should be noted that 

this detection limit could be easily further lowered by increasing the length of sensing slot 

waveguide or reducing the system noise level (Liu et al., 2013). Figures 2c–d also show the good 

linearity (R
2 

= 0.997 for let-7a, and R
2 

= 0.966 for miR-21) for different concentrations of the 

miRNA targets. The results indicated that the system could be used for label-free, rapid (within 

15 min), and highly sensitive (1 fmol l
-1

) detection of miRNA in a real-time manner. 

 

3.3. Specificity of POC MZI system  

For the real-world application of any miRNA detection platform, it should be able to 

discriminate mismatches with high specificity and accuracy. Members of the miRNA family 

often have similar sequences or differ by only a single nucleotide (Ambros et al., 2001). For 

miRNA, the discrimination of base mismatch is even more challenging due to their short 

sequences. Most hybridization-based miRNA technologies often suffer from poor specificity and 

sometimes rely on stringency washes at specific temperature depending on the melting 
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temperature of the nucleic acid duplex (Qavi et al., 2010, 2011).
 
Here, we tested the overall 

detection specificity using the synthetic sequences with either miR-122 (entire sequence 

difference compared to miR-21) or let-7c (one nucleotide difference compared to let-7a) in the 

current platform (Fig. 3). Testing of specificity depends on the sequence variations, and so we 

grafted the DNA capture probes with either miR-21 or miR-122 complementary sequences and 

then added the targets with both miR-21 and miR-122 individually into the sensor (Fig. 3a). In 

addition, we grafted the DNA capture probes with either let-7a or let-7c complementary 

sequences and then added the targets with both let-7a and let-7c individually (Fig. 3b). Figure 3 

shows that the normalized phase change in the presence of the mismatched targets including the 

fully and single-nucleotide mismatched (miR-122 and miR-21 vs let-7c and let-7a) targets was ~ 

30-60% smaller than the phase change of the matched targets when each complementary probe 

was grafted. The phase change for mismatched targets is due to the hybridization of the 

nonspecific molecules and/or potential competitors to the immobilized probes. Furthermore, we 

evaluated the MZI-miRNA platform using complex samples such as miRNAs extracted from 

cancer cell lines (Fig. 4 (a)). The target miRNA (let-7a) in this study was used as potential 

candidate cancer biomarkers for the comprehensive detection of the panel obtained from cancer 

cell lines, A549 and MCF7. The same samples obtained from two cancer cell lines were 

simultaneously analyzed by using the MZI-miRNA system (Fig. 4a) and qRT-PCR method (Fig. 

4b). Two cell line samples yielded almost similar phase changes for let-7a, indicating that let-7a 

is expressed in both A549 and MCF7 cells. As shown in Fig.4, the pattern from the MZI-miRNA 

system was consistent with that of the qRT-PCR method. This good agreement confirmed the 

selectivity of the MZI system for miRNA detection in complex samples including competitors, 

inhibitors, etc. The results also demonstrated that this label-free and real-time system is able to 

detect miRNAs in complex samples without the requirements for long incubation steps or 

tedious stringency washes. 

 

3.4. Detection of miRNAs in clinical samples with the POC MZI system  

     We further extended the MZI-miRNA system to evaluate its clinical utility using clinical 

urine samples. In order to validate the clinical utility of the portable MZI-miRNA system in 

human urine, the system was used to simultaneously detect the multiple miRNAs obtained from 



12 

 

the human urine samples in a single reaction. The urine samples were collected from three 

patients with late-stage (T2/T3) bladder cancer, and analyzed using the current system (reaction 

time, 15 min) (Table 2) and qRT-PCR method (reaction time, 2-3 hr). We first grafted the DNA 

capture probes for the miRNA targets onto individual MZI sensors, and then added the miRNAs 

obtained from the individual urine samples to all the sensors immobilized with the capture 

probes. The phase changes related to the formation of double-stranded DNA/miRNA 

heteroduplexes were monitored by an IR camera. For multiplexed measurement, different DNA 

capture probes were immobilized separately on the sensors using the microarray spotting 

machine. We first characterized these sensors with miR-7a target of concentrations 1 fmol l
-1

 

and 1 pmol l
-1

, respectively (Fig. 5a). For 1 fmol l
-1

 target, the phase change was 0.27  for 

miR-7a after 15 min, which was much larger compared to the sensors with probe immobilized by 

immersing chip in probe solution. For 1 pmol l
-1

 target, it was found that the phase change 

became as large as 19.66  after 15 min and no saturation was observed (Fig. 5a). This is 

probably because the immobilization efficiency by using the drop-dispensing microarrayer is 

highly dependent on the applying volume of the probe solution and probe molecules in nL 

spotting volumes can accelerate immobilization dramatically (Sobek et al., 2013). Typical 

spotted microarray requires only small volumes of sub-nL and drop drying determines the time 

that probe molecules are located in a liquid environment and leads to increasing concentrations 

of probe and buffer components over time (Sobek et al., 2013).
 
Figure 5b shows the result of the 

detectable panel miRNAs obtained with the system in clinical samples (100 ng of miRNAs). 

Different specimens had distinctive patterns, with each specimen representing a specific 

signature (Fig. 5b). All the miRNAs could be detected in the three cancer patients (Fig. 5b), 

showing that the system could simultaneously detect two targets in a small volume (200 µl) of 

urine samples rapidly and accurately in a label-free and real-time manner. In addition, we 

compared the results obtained from the MZI-miRNA system with those from the qRT-PCR 

method by quantifying the expression patterns of the miRNAs (Fig. 5c). The qRT-PCR results 

were obtained by normalizing the fluorescent signals with that of an internal control gene and the 

expression patterns of the miRNAs shown in Fig. 5c were consistent with those from the MZI-

miRNA system. Although qRT-PCR has been known as one of the methods that can offer 

absolute quantification of miRNA with high accuracy, the method has problem regarding the 
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normalization of miRNA expression using the endogeneous gene (internal control), which is still 

unknown whether it holds constant across samples (Dong et al., 2013; Aravin et al., 2005; 

Mestdagh et al., 2009). On the other hand, the MZI-miRNA system is based on direct detection 

using capture probes and no amplification is involved, therefore it is difficult to compare 

quantitative results from both methods directly. Further in-depth study with more clinical 

samples is needed for seeking the correlation between both methods. However, the results here 

verify that this portable MZI-miRNA system offers the ability of multiplex detection of miRNAs 

in human specimens with reduced the cost and time. 

 

4. Conclusion and outlook 

     We have developed a new MZI-miRNA POC system that allows label-free, amplification-free, 

real-time, and multiplexed miRNA detection in a single reaction. This system is rapid (within 15 

min), accurate (discriminate single nucleotide polymorphism), sensitive enough (  1 fmol l
-1

) 

for clinical use and potentially applicable to identifying and detecting small molecules in the 

field of POC based clinical applications. Even though the detection limit of the current system is 

not as low as other biosensor system, the clinical utility of the MZI system has been 

demonstrated by the detection of miRNA in urine sample and the comparison with qRT-PCR. 

Furthermore, the detection limit can be easily further improved by increasing the length of the 

MZI device as well as by reducing the system noise level. The MZI-miRNA system has several 

features over existing techniques for the detection of miRNAs. First, this POC platform consists 

of the light input, output and monitoring system for the MZI optical sensor which is compact and 

has large alignment tolerance. Its size is 145mm 100mm 200mm (L W H) and its total weight 

is ~ 2 kg. Since only a fixed single wavelength light source is required for the MZI sensor, the 

bulky tunable laser light source used in the experiment can be replaced with a cheap and compact 

laser diode module. Therefore it is portable and has great potential to be developed into detection 

platform suitable for POC based applications. Moreover, it is a label-free (no other additional 

molecules like enzyme is involved), amplification-free, and fast method for miRNA detection in 

a real-time manner. Second, the system is scalable for multiple miRNA detection. The sensor 

chips are fabricated using the standard CMOS processes that enable a larger number of sensors 

to be integrated on the same chip. Each MZI sensor on the chip can be functionalized with 
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miRNA probe molecules using micropatterning methods (such as microarray spotting tool) and 

its response to each target can be simultaneously monitored. Since it is based on label-free 

detection and the IR image sensor can monitor multiple signals simultaneously, the multiplexing 

does not require any additional cost in the labeling or the detection system. Third, we utilized 

capture probes for direct miRNA detection, therefore the POC platform in this study can 

significantly reduce the hands-on time and reaction time for multiple miRNA detection 

compared to traditional techniques involving thermal cycling and microfluidic system. This 

platform enables a rapid detection within 15 min while the traditional method requires several 

hours (2-3 hr). Fourth, the system is cost-effective. The disposable chip costs under US$1 for the 

MZI device and the reagents. Furthermore, it does not require temperature control, labeling, or 

sophisticated detection system. Finally, we are developing an all-in-one device that allows high-

throughput miRNA extraction from urine samples and detection in a single chip. For this final 

feature, we will optimize assay time and system by integration of the dimethyl adipimidate 

(DMA) based sample preparation technique which can extract the nucleic acids within 30 min in 

a microfluidic chip (Peltier et al., 2008) and this current MZI-miRNA system, potentially enables 

miRNA diagnosis and treatment decision in human diseases including cancers.  
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Figure caption 

Fig. 1. Schematic diagram of the MZI biosensor system for miRNA detection. (a) TEM image of 

the cross section of a silicon nitride slot waveguide. SEM images of (b) a strip-slot waveguide 

mode converter and (c) a silicon nitride grating coupler. (d) Image of MZI biosensor platform. (e) 

Variation of output intensity from one sensor after the miRNA target is applied showing ~4  

phase change.  

Fig. 2. Real-time phase change to the binding of target miRNAs (a) let-7a and (b) miR-21 at 

different concentrations (black: 1 pmol l
-1

; red: 100 fmol l
-1

; green: 10 fmol l
-1

; blue: 1 fmol 

l
-1

). The solid lines are fitted curves of the measured phase changes (dashed lines).  Phase 

change as a function of concentration of target miRNAs (c) let-7a and (d) miR-21. The green 

solid lines are fitting curves with R
2
=0.997 and 0.966, respectively.  

Fig. 3.  (a) Detection of 1 M target miRNAs miR-21 (dark green) and miR-122 (orange) in 

single target miRNA solution. (b) Detection of 1 M target miRNAs let-7a (blue) and let-7c (red) 

in single target miRNA solution. Above each graph, sequences of capture probes, target miRNAs, 

and mismatched miRNAs are given and indicated by corresponding colors.  
 

Fig. 4. (a) Detection of target miRNAs let-7a in two cell lines A549 (lung cancer) and MCF7 

(breast cancer) by MZI-miRNA system and (b) qRT-PCR method. The fluorescence signals 

detected for the target miRNAs and the U6 miRNA internal control. The let-7a net signal values 

were divided by the corresponding U6 signal values for obtaining a normalized expression level. 

Error bars indicate the standard error (SE) of the mean based on at least 2 independent 

experiments.     

Fig. 5. (a) Real-time phase change to the binding of target miRNA let-7a at concentrations 1 

pmol l
-1

 and 1 fmol l
-1

. Detection of target miRNAs let-7a (blue) and miR-21 (dark green) in 3 

clinical bladder cancer urine specimens with (b) MZI-miRNA system and (c) qRT-PCR method. 
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Table 1. Sequences of four mature human miRNAs and complementary DNA capture probes studied in 

this report. 

Nr. miRNAs Sequence (5’3’) Immobilization Probe (5’3’) 

1 hsa-miR-21 UAGCUUAUCAGACUGAUGUUGA  NH2-(CH2)12- TCAACATCAGTCTGATAAGCTA 

2 hsa-let-7a UGAGGUAGUAGGUUGUAUAGUU  NH2-(CH2)12- AACTATACAACCTACTACCTCA  

3 hsa-let-7c UGAGGUAGUAGGUUGUAUGGUU  NH2-(CH2)12- AACCATACAACCTACTACCTCA  

4 hsa-miR-122 UGGAGUGUGACAAUGGUGUUUG  NH2-(CH2)12- CAAACACCATTGTCACACTCCA  

 

  

Table 2. Clinicohistopathologic features and the selected miRNA expression profiles of the bladder 

cancer patients studied in this report. 

Type Nr. 
Tumor 

Stages 
Sex Age 

miRNAs 

miR-21 

(π) 

let-7a 

(π) 

Bladder Cancer 

1 T2/T3 M > 60 0.559 0.106 

2 T2/T3 M > 60 3.514 4.416 

3 T2/T3 M > 60 0.339 0.249 
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Fig. 1 
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Fig.2 
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Fig. 3 
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Fig. 4 
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Fig. 5 

 


