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Highlights of the Research Paper: 

 An advanced process of free angle photolithography (FAPL) is used for making 3D 

supercritical angle fluorescence (SAF) structures and transfer them to the polymeric chip 

by injection molding for low-cost microfluidic devices with the embedded optical 

sensing. These 3D structures are used for enhancement of fluorescent signal through 

the unique properties of SAF. Solid phase polymerase chain reaction (SP-PCR) on these 

SAF structures permits for on-chip pathogen detection. These 3D structures have the 
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potential to be widely used in microfluidic chips as a tool for signal enrichment and low-

cost point of care systems for optical detection. 

 The intensity of the signal vs. probe concentration measured from the rear face 

for different size of SAF structures and defined the LOD (0.05 nM) of the smallest 

SAF structure. The use of such small size of SAF structure will enable us to use less 

volume (220 pL) and save expensive primer and molecular probes in an 

experiment. The presented smaller SAF have great potential to be used for the 

multiple detections in a small area with high sensitivity and large field of view 

which can help to use such chip without a sophisticated optical system. This will 

allow us to make a cost-effective experimental design with a low volume of the 

sample and optical readout system. In future development, a lower detection 

limit could be achieved by reducing the background signal and by using higher 

wavelength fluorophores. The combination of SP-PCR and L-SAF array would be 

widely used as a high-throughput biosensor to analyze food, clinical and 

environmental samples. 

 

Abstract 

An advanced process of free angle photolithography (FAPL) is used for making 3D supercritical 

angle fluorescence (SAF) structures and transfer them to the polymeric chip by injection 

molding for low-cost microfluidic devices with the embedded optical sensing. The FAPL was 

performed via a motorized stage to control the angle of incidence of light and achieve the 
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desired shape with dimension from 50 µm to 150 µm and slope required for the 3D optical 

structure. These 3D structures are used for enhancement of fluorescent signal through the 

unique properties of SAF. The presented SAF structure has a reduced active area (50 m) that 

allows enrichment of the fluorescence efficiency and reduces the amount of sample required 

for detection on the polymeric microfluidic chip. Herein, we are presenting reduced dimension 

of SAF structures, fabricated by FAPL process and increases the number of SAF per mm2 area. 

This also reduced the volume of sample required per test. Improvement in the limit of 

detections (LOD) is observed when using the small dimensions of SAF. Solid phase polymerase 

chain reaction (SP-PCR) on these SAF structures permits for on-chip pathogen detection. These 

3D structures have the potential to be widely used in microfluidic chips as a tool for signal 

enrichment and low-cost point of care systems for optical detection. 

Keywords: 3D microstructures array, free angle lithography, Microfluidic Chip, Solid phase PCR, 

Pathogen detection.  

 
Mohammad-Ali Shahbazi 
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1. Introduction 

In recent years various polymer lab-on-a-chip systems have been produced and 

commercialized with the final goal of obtaining systems that are disposable and 

compatible with large-scale production [1]. Cyclic olefin copolymers (COCs) are an 

extremely attractive for large-scale production [2,3]. COC have high optical 

transparency, chemical inertness, and high heat resistance [4–7]. Before making a 

disposable chip mold, one should first think of making a suitable quality (smoother 

surface and easy to replicate) mold for fabrication of chip. Methods such as micro 

milling, 3D laser cutting and laser milling are developed to fabricate molds for a cost-

effective polymeric chip. Among these technologies, micro milling and laser milling are 

widely used to make the molds, and injection molding is used to make the positives 

replica of those molds. Role of the master mold has strongly been highlighted to achieve 

defect-free polymer chips in injection molding process [8,9]. Past years, studies took 

place to make a better mold with low surface roughness and defects in the molds to 

achieve better, smoother and reproducible polymer chip [10]. The micro milling is 

conventionally used to make a rapid mold for injection molding. However, it cannot 

achieve lower surface roughness as can be achieved by photolithography. Though, 

molds made by conventional photolithography process also having some defects or 

changes of microstructures due to the imperfections in the photolithography process 

and photoresist [11,12]. These defects in structures cause problems during the molding 

and demolding of the polymer chips. To reduce the surface defects, which are created 
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during micro milling, and defects during the conventional photolithography process, we 

demonstrated the use of FAPL process to produce 3D structures with smoother surface 

and fewer defects. Using FAPL process allows us to precisely transfer microstructures to 

Ni master mold and then to the polymeric chip.  

In our previous work, we presented the fabrication of supercritical angle 

fluorescence (SAF) microstructures in polymer by means of injection molding with a 

micro-milled stamp (here referred as shim) using micro-milling method [13]. The 

advantage of using injection molding is two-fold: the reproducibility of structures for 

Lab-on-chip applications with dimensions of tens of nanometers, together with a 

technique that is ideal for production of large number of samples [14]. The advantage of 

using SAF structures can be explained if we consider a fluorophore molecule available on 

the front of a generic surface of a microstructure: for a generic structure, most of the 

emitted light onto the material is refracted outside the structure and so a very little 

amount of light passes through to give a signal [15,16]. Collection of this unused part of 

light by a structure that exhibits a supercritical angle of reflection delivers an 

enhancement in the signal intensity up to 46 folds [13]. Usually this refracted fluorescent 

light is lost or not been gathered when using a flat surface (microscopic polymer slide) 

for the signal capturing. Moreover, the SAF structures also offer a great field of view for 

more efficient signal collection.  

In this paper, we introduce the FAPL fabrication process and demonstrate the 

possibility of achieving  lithography made SAF (L-SAF) structures with lower surface 
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roughness and higher optical efficience respect to the our previously described 

micromilled SAF (M-SAF) [13]. Particularly, we present a FAPL fabrication procedure 

(Figure 1A) for L-SAF structures of different sizes (50 µm, 100 µm, 150 µm) and 

demonstrate their advantages over the SAF structures obtained by injection molding of 

micro-milled shims. Furthermore, reduction in the dimensions (50 m) of SAF both 

improves the number of available detection site per area and reduces the required 

sample volume. We also consider defining the efficiency of the fluorescent signal against 

the number of molecules. The SP-PCR was performed using DNA probes on the L-SAF 

array [17,18] (Figure 1B) for the purpose of on-chip pathogen detection. Our 

experimental outcomes confirmed that by using such kind of SAF arrays, the limit of 

detection (LOD) can be improved up to 0.05 nM corresponding to 6.62×103 molecules. 

The LOD is calculated by data obtained from a high-end fluorescent scanner. The 

presented work is strategic in order to have effective multiple on-chip detection sites 

per mm2 area. Furthermore, fabrication and incorporation of these L-SAF arrays on the 

chip can easily be done by injection molding for mass production. This also adds-on in 

the direction of the portable, high-throughput bio-sensing system that can be ideal for 

onsite diagnosis. 

2. Materials and Methods 

2.1. Fabrication of SAF structures 

To achieve L-SAF structures by FAPL method, the initial fabrication process was 

performed with SU-8 from Microchem to check the possibility of fabricating SAF 
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structures and Ni molds with an SU-8 template. But after Ni electroplating, the SU-8 

structures that remain trapped in the mold after Si etching in KOH; even if after 15 

minutes there was an evident removal of a large percentage of the resist from the micro 

cavities, it was never possible to obtain a full removal of SU-8 residuals. To remove the 

SU-8 after KOH etching, an attempt to burn the resist was made. The samples were put 

into a furnace (resist Pyrolysis furnace, ATV) and heated to 500 oC for 15 and 25 minutes 

(Figures S1 supplementary)[19,20]. Since SU-8 presented the issue of removal from shim 

and long processing times, a new negative tone photoresist THB 151N from JSR Co. was 

used in the fabrication of Ni shim for injection molding of SAF structures. The main 

advantage of THB 151N is that the fabrication processes does not require a post-

exposure bake and that it easy to remove after the Ni electroplating step. This makes 

THB 151N preferable over SU-8 for integration in production-like processes [21].  

 At first, the photoresist was spin-coated at 1200 rpm on a Si wafer and soft baked 

for 3-5 min to obtain a resist layer of about 50 m thickness. To achieve the higher 

thickness for 100 and 150 m SAF structures the spin coating step was repeated 2 and 3 

times. A final resist thickness of 100, 150 ± 5 m was achieved.  We chose such thickness 

since the goal was to obtain structures with an aspect ratio of about 1 which is ideal for 

injection molding [22]. The complete fabrication process is described schematically in 

Figure 2. The FAPL process was executed on a Si wafer with a mask pattern of round 

holes with diameters ranging from 50 to 200 m using hard contact mode. Such mode 

was chosen since a gap between resist and mask combined with the rotation would have 
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caused undesired widening of the structures. For the same reason, the thickness 

uniformity of the resist over the whole wafer needs to be controlled. Edge bead removal 

was thus performed on wafers before the exposure to obtain a thickness uniformity 

under ± 2 m over the 4-inch wafer area. The wafers were then loaded onto the tilting 

stage, fixed at a given tilt angle and rotated clockwise at 15 rpm and a dose of 1500 

mJ/cm2 was delivered throughout the UV exposure. The resist refractive index, and the 

request of a 60-degree tilt on the final SAF structures lead to the choice of a fixed tilt 

angle rot = 52.3 degrees. After the UV exposure, the wafers were developed 

automatically (Gamma Cluster System 233, SussMicroTech) alternating 10 puddles of 

AZ726 MIF developer 60 seconds long with rinsing in deionized water before final drying 

(Figure 2B) (conditions for all size 50 , 100, 150 m of L-SAF spin speed, exposure time 

and development time is available in supplementary table S2). A metal Cr/Au seed 

bilayer was then sputtered (Cr/Au=20/60 nm) together with a 1 m thick Al sacrificial 

layer (Kurt J Lesker). The Ni electroplating (Microform.200, Technotrans) was carried out 

with 3 steps by increasing the current density to minimize the residual stress. 

2.2. Fabrication of master mold and transfer of L-SAF array to polymeric chip 

As a result, the Ni layer was electroplated to a thickness of around 340 m over the 

sputtered microstructures the fabricated microstructures. After etching the Si (and the 

Al) in a KOH bath at 80 oC (Figure 2C), the Ni shim was then cut with a hydraulically 

activated system and installed inside the injection molding machine. The 

characterization at each step of the process is performed by using either scanning 
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electron microscopy (SEM, Quanta 200 FEI) or optical microscopy. For injection molding, 

TOPAS 5013L COC (Heat Deflection Temperature, HDTg = 130 oC) pellets were purchased 

from TOPAS Advanced Polymers (Germany) and dried in the hopper of the injection 

molder (ENGEL Victory 80/45 Tech) (airflow at 90 oC) to remove extra moisture. The 

temperature of the injection molding cylinder was gradually increased from 250 oC as 

the polymer exited the hopper to reach 300 oC at the nozzle. The molten COC was 

injected into the mold with a speed of 21 cm3/s and a pressure of 600 bars. The mold 

temperature was varied (Variotherm process) from 155 oC at the moment of injection to 

103 oC when the demolding was performed. In addition, a packing pressure of injection 

molding ranging from 600 bars was applied for 6 s injection molded to produce the 

optics to be introduced into the microfluidic device. The final chips had the dimensions 

of a microscope slide (76 mm × 25 mm × 1 mm). The chip has eight parallel arrays 

located at the center of the chip with a pitch of 6 mm. Each array contains 600, 300 and 

100 SAF for 50 µm, 100 µm, and 150 µm respectively. The dimensions of the SAF 

structures are illustrated in Figure 3. 

2.3. Spotting on SAF structures 

The precise spotting on each SAF structure in an array was performed by a 

sciFLEXARRAYER S5 (Scienion, Germany). A microtiter plate was used to keep the serial 

dilution (1 µM to 1 pM) while a glass tip (type 1) was taking the solution and washing tip 

each time before and after changing the sample for spotting. This process is automated 

and controlled by the software developed by Scienion. The BioAnalyzer 4F/4S scanner 
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with 400-ms shutter time (LaVisionBioTec GmbH, Bielefeld, Germany) was used for 

scanning and analyzing spot intensities after spotting all size of SAF structures (Figure S2-

S4 supplementary). The sample solution containing Cy3 labeled poly(T)poly(C) 

oligonucleotide in 5x standard saline citrate (SSC) buffer and 0.004% Triton X. The 

spotting volume is 220 pL was spotted on the front surface of each SAF structure using a 

sciFLEXARRAYER S5. The amount of volume is different for different size of the SAF 

structures to cover all the front face. All comparison experiments among the different 

size of SAF are conducted with constant volume 220 pL. However, this volume is only 

sufficient for small size (50 µm) of SAF to cover all the front face. To cover the front face 

of 100 and 150 µm SAF structures we need 450 and 680 pL, respectively. 

2.4. Solid phase PCR on lithography SAF 

2.4.1. DNA preparation 

Streptococcus pneumonia was from culture collection of National Food Institute, Technical 

University of Denmark (DTU-Food). S. pneumonia genomic DNA was isolated using DNeasy 

Blood and Tissue kit (Qiagen, Germany) as instruction from the supplier. The DNA 

concentration was determined by Nano drop 1000 (Thermo Scientific, USA) and the DNA 

preparation was stored at minus 20 oC before use. 

2.4.2. Primers 

To make a model to confirm the performance of SP-PCR on FAPL-generated SAF 

structures for pathogen detection, we selected a set of primers to amplify pneumolysin 
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gene for Streptococcus pneumonia detection [23]. Forward and Cy3-labelled reverse 

primers were used for the liquid phase amplification. The surface primer was designed 

as an internal primer and modified at the 5’ end with a poly T (10) and C (10) tail to 

immobilize on the front of SAF. All PCR primers were synthesized and purchased by DNA 

technology (Aarhus, Denmark) and the sequences are listed in Table S1 (Supplementary 

data). 

2.5. Immobilization of surface primers  

The 50 µM of surface primers were prepared in a solution containing 5× SSC and 0.004% 

Triton X, and spotted on front of SAF structure inside the chamber of a polymeric (COC) 

by sciFLEXARRAYER. After spotting, the microchip was dried and treated with UV 

irradiation at the wavelength of 254 nm with power of 3 mW/cm2 for 10 min 

(Stratalinker 2400, Stragtagene, CA, USA) to directly immobilize the poly (T) poly (C)-

tagged DNA oligonucleotide on plastic surface without any surface modification [24]. 

Before conducting the SP-PCR, the chip was washed with 0.1× SSC for 5 min and rinsed 

with Milli-Q water and dried in incubator 37°C. The chip was treated with BSA 2.5 

mg/mL for 30 min then rinsed with Milli-Q water and dried in an incubator. 

2.6. Solid phase-PCR  

After immobilization of surface primers, the microchip was bonded and fixed with a 

gene frame (Thermo Fisher Scientific) to create a 25-μL reaction chamber surrounding 

the solid support primer immobilized SAF array. The PCR master mix was loaded by 
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pipette into the gene frame and sealed with a coverslip. The SP-PCR was conducted in a 

ProFlexTM 2x flat PCR System (Thermo Fisher Scientific) The mastermix contained 2ng of 

DNA template, 1× Phusion® Human Specimen PCR Buffer (Thermo Fisher Scientific), 150 

nM of forward and 1500 nM reverse primers, and 0.05 U/μL Phusion Human Specimen 

DNA polymerase (Thermo Fisher Scientific). The SP-PCR condition was as follows: 94 °C 

for 3 min, followed by 30 cycles of 94 °C for 20 s, 60 °C for 20 s, 72 °C for 20 s. After the 

SP-PCR, the chamber was washed with 4× SSC for 5 min, 0.1× SSC containing 1% Tween-

20 for 5 min, then rinsed with deionized water and dried at room temperature. 

2.7. Data analysis  

The microchip was scanned using a BioAnalyzer 4F/4S scanner with 200-ms shutter time 

(LaVisionBioTec GmbH, Bielefeld, Germany). Fluorescence intensity was quantified using 

ImageJ software [25]. A circle was adjusted to the size of the SAF, and the mean value of 

grey levels of the pixels inside a fluorescent spot was calculated. A square was drawn 

surrounding the circle, and the mean signal was taken as background 1. To determine 

the signal to noise ratio (SNR), the mean signal fluorescent spot with the sample without 

probe target (NC, negative control) was used as background 2. SNR in this study was 

defined as the mean signal intensity of the feature subtracted from the mean 

background 2 and divided by the variation of the background 2. The limit of detection 

was determined at SNR of 3. All the experiments were performed in triplicate. 

3. Results and discussion 
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3.1. Structural characterization of 3D structures 

The design of the chip is based on the calculation of the distribution of fluorescence 

intensity emitted into the polymer for fluorophores on air/water/polymer interfaces as 

described elsewhere [13]. To select a suitable substrate for fabrication of the disposable 

chips, one should consider the proportion of the light emitted into the chip part as a 

function of its refractive index for two interfaces: air/substrate and water/substrate. 

Moreover, the higher the refractive index of the substrate, the higher the portion of the 

fluorescent light is emitted into it. Theoretically, these SAF structures can collect light at 

emission angles of up to 79.2° and 63.2° for air/polymer and water/polymer interfaces, 

respectively (the maximum angle for total internal reflection). So the slope of the SAF 

structure defines the intensities of the signal generated. The fluorescence intensities 

collected by using these SAF structures are about 98% (air/Polymer) and 78% 

(water/Polymer) is calculated in comparison to the percentage acquired using a perfect 

parabolic lens for signal intensity collection[26]. It has been discussed in our previous 

work that a lower signal is collected if the front face of the SAF structure is used because 

the light is emitted in all the directions that make the collection of light dependent on 

the numerical aperture of the optical device (Figure 1A). However, use of rear face of 

the SAF structure allows us to collect a large portion of the light that was lost in case of 

collection from the front side. So using the same size of the numerical aperture of the 

optical system, we can collect more signal, which is required for various low-cost optical 

detection systems. A graphic sketch of FAPL is shown in Figure 2B. Despite conventional 
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method of photolithography, this developed FAPL method is having a controlled angle 

tilting and motorized rotating chuck to form the slope around the microstructures. 

Therefore, this rotating motorized stage enables us to persistently keep the tilted angle 

of chuck and rotation of stage with 15 rmp that allows having exposure to UV light from 

all side and leads to the slope angles of SAF structures. In our process of fabrication, we 

achieved 3 different sizes of the SAF structures (50 µm, 100 µm, and 150 µm). In Figure 

3, SEM images are shown for all the stages of the fabrication of the L-SAF structures: At 

the stage after the FAPL (A, B), after electroplating the shim and stripping of the 

photoresist (C) and, finally, after the chip fabrication by injection molding (D).  

In Figure 4, the SEM images for all the three sizes are shown. The SAF structures 

exhibit uniformity and low surface roughness after the lithography as well as after the 

injection molding. The optical characterization is presented in the Figure 4A for 50 µm, 

4E for 100 µm, and 4I for 150 µm. Rest of the SEM imaging is done after the final stage 

of the fabrication where SAF structures are replicated on to the polymeric chip after 

injection molding. Figure 4B, 4C, 4D; represent 50 µm size of the SAF structure array, 

same it continues to Figure 4F, 4G, 4H for 100 µm and Figure 4J, 4K, 4I for 150 µm. The 

achieved slope in the SAF structures during the lithography process also helps us out to 

get the better injection molding and also not to face the problem of polymer 

deformation during the demolding of the polymer chip. This also reflects in the SEM 

images of different size of the structures on the polymeric chip, which do not have any 

defects on the surface.  
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3.2. Comparisons between micro-milled SAF (M-SAF) and lithography made (L-SAF) array 

The SEM images show the apparent difference in between the surface roughness of SAF 

structures fabricated by FAPL and micro-milling process. As discussed in our previous 

report, the surface roughness at the sidewall of the SAF structures will give light 

scattering effects [13]. Since where the fluorescent light is collected using total internal 

reflection at the surface, roughness will cause a loss of signal. To compare M-SAF and L-

SAF, the surface roughness of the sidewall surfaces was characterized using a surface 

profiler (Dektak XTA stylus profiler, Bruker) and Gwyddion 2.20 analysis software as shown 

in Figure 5. The sidewalls of M-SAF structures (Figure 5 E) have a high roughness average 

(Ra: 12 ± 2 m). Such average is caused by ring-like structures generated by the finite 

stepping of the milling bead during the milling process. Moreover, polishing of such 

small sloped surfaces is a complicated process to perform and can reduce roughness of 

about 5-10 % compared to the unpolished structures. As can be seen in figure 5 B, FAPL 

process allows the fabrication of SAF structures with extremely low surface roughness 

(Ra: 0.5 ± 0.1 m). It is important to mention that Dektak stylus profiler tip was used to 

profile directly on the SAF surface of injection molded chip to achieve the real surface 

morphology than optical profiling. 

To compare the LOD between L-SAF and M-SAF array, the same probe (DNA 

labeled with Cy3 label) with serial dilution (from 1 µM to 1 pM) is used and spotted with 

same way on front of both types of SAF array. Because of higher roughness, the M-SAF 

array indicates more background signal than the L-SAF (Figure 6A), which leads to the 
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LOD of the L-SAF (100 µm size) is significantly improved in comparing to the M-SAF array 

(Figure 6B). The LOD for L-SAF lies between the 0.05 to 0.5 nM, corresponding to 

6.62×103 and 6.62×104 molecules, respectively. While the LOD for M-SAF is 10 nM 

(1.32×106 molecules). Therefore, it was clearly observed that L-SAF provided better 

performance over the M-SAF and fabricated smaller size of L-SAF should be tested and 

compared with the other size of SAF structures in their signal performance. 

3.3. Limit of detection for different size of SAF array  

To determine the detection limit for the different size of L-SAF array were scanned using 

a BioAnalyzer 4F/4S scanner with 400-ms shutter time (LaVisionBioTec GmbH, Bielefeld, 

Germany). The spotting serial dilutions of the probes of DNA labeled with Cy3 label 

ranging from 1 µM to 1 pM on L-SAF structures. To define the best exposure time to find 

the LOD all the graphs are plotted against the different exposure time and signal to noise 

ratio (Figure S5 supplementary). The signal at different concentration range was 

measured from the whole array of SAF from front (Figure 7a) and rear side (Figure 7b). 

Each concentration is used with the constant volume of 220 pL on each SAF structure. 

The LOD of the L-SAF array was determined to be as low as 0.05 nM (6.62×103 

molecules) for 50 µm, 0.5 nM (6.62×104 molecules) for 100 µm, and 10 nM (1.32×106 

molecules) for 150 µm SAF structure at the constant exposure time for all size of L-SAF 

array. If we compare the different size of the L-SAF array with its detection limit the 

smaller size (50 µm) shows higher signal intensity at per µm2 area (Figure S5, in the 

supplementary data). The linear rage of the signal detection lies between the 
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concentration ranges from 0.05 nM to 1 µM then signal starts to get saturated due to a 

high exposure time. It is also important to mention here that the small volume of the 

sample is sufficient to cover the all front surface of the smaller size of the L-SAF surface 

to give the better signal. However, if the sample volume is increased up to the volume 

when it is sufficient to completely cover the front face surface of SAF with bigger size 

(100 and 150 µm), the LOD for these size can be further improved with higher volume.  

3.4. SP-PCR on fabricated SAF structures 

As mentioned in our previous reports [18,27,28], the SP-PCR has become increasingly 

popular for molecular diagnosis integrated with lab-on-a-chip devices. In this study, we 

addressed a number of advantages of the small size of the SAF structure (50 um) with 

fabricated by free angle lithography process compared to the bigger size as well as SAF 

structure from the conventional process. To test the applicability of these 3D SAF 

structure for further biomedical application, we carried out the SP-PCR on this SAF 

structure embedded in a microchip. The surface primers were spotted on the front of 

SAF array as indicated in Figure 8. The DNA target gene (pneumolysin gene) from 

Streptococcus pneumonia was specifically amplified using SP-PCR on the front of the L-

SAFs on chip. Where were modified with surface primers for DNA target gene. As 

showed in the figure 8b, it shows the high fluorescent signal and there are no any 

fluorescent signals observed containing non-specific primers. Since there was not any 

specific primer available so no amplification took place during SP-PCR reaction as 

presented in Figure 8b.    
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Conclusions 

In this paper, we have presented a novel free angle lithography method to make a 

disposable chip with a miniaturized (50 µm) L-SAF array, with the successful SP-PCR for 

selective and sensitive detection of pathogen. The intensity of the signal vs. probe 

concentration measured from the rear face for different size of SAF structures and 

defined the LOD (0.05 nM) of the smallest SAF structure. The use of such small size of 

SAF structure will enable us to use less volume (220 pL) and save expensive primer and 

molecular probes in an experiment. The fabrication of SAF structure is important to 

achieve the small size and higher density of the SAF on a chip. Despite the complication 

of the FAPL process for fabrication of SAF structures it still embraces advantages of 

lower surface roughness and background signal noise (Figure 6A). The presented smaller 

SAF have great potential to be used for the multiple detections in a small area with high 

sensitivity and large field of view which can help to use such chip without a sophisticated 

optical system. This will allow us to make a cost-effective experimental design with a low 

volume of the sample and optical readout system. In future development, a lower 

detection limit could be achieved by reducing the background signal and by using higher 

wavelength fluorophores. The combination of SP-PCR and L-SAF array would be widely 

used as a high-throughput biosensor to analyze food, clinical and environmental 

samples. 
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Figure 1. Schematic representation of the fabrication of 3D SAF structures using FAPL and 

transfer of SAF structure to the polymeric chip by injection molding (A) and SP-PCR on fabricated 

SAF for nucleic acid detection on Chip (B). 

Figure 2. Schematic representation of fabrication steps of L-SAF array using FAPL process. Spin 

coating of photoresist and edge bead removal is presented in (A), and free angle UV exposure 

over the rotatory chuck and development of the exposed Si is presented in (B), the transfer of 

the fabricated 3D L-SAF array to the polymeric chip. Electroplating of the seed layer of NiV 

(80nm) and thick layer (350 µm) of Ni for making a shim for injection molding is presented in (C).   

Figure 3. Characterization of fabricated SAF array using FAPL process using SEM. (A) SAF 

structures made in photoresist, (B) 3D view of the same SAF structure inset scale is 20 m, (C) Ni 

shim made after electroplating, (D) SAF structure on injection molded polymer chip. 

Figure 4. Characterization of fabricated SAF array using FAPL process using optical microscope 

and SEM. (A, E, I) are optical images of the SAF structure array. SEM images on the polymeric 

chip after transfer of SAF structure by injection molding, for 50 µm size (B, C, D), for 100 µm (F, 

G, H) and for 150 µm (J, K, L). 

Figure 5. SEM images of the SAF structures on polymeric chip after injection molding (A, 

B) FAPL fabricated SAF (L-SAF: 100 µM), (D, E) micro-milling fabricated SAF (M-SAF: 100 

µM), surface profile and average surface roughness of L-SAF (C) and M-SAF (F). 
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Figure 6. (A) Comparison of the background signal from L-SAF and M-SAF, (B) Graph for 

the mean value of fluorescence for L-SAF and M-SAF spotted with different number of 

fluorescent molecules after subtracting background. The spotting volume was 220 pL and 

exposure time 400 ms for the same size of L-SAF and M-SAF. 

Figure 7. Fluorescent images of L-SAF structures, spotted with 220 pl Cy3-labeled DNA 

probe ranging from 1 pM (1.32×102 molecules/SAF structure) to 1 µM (1.32×108 

molecules/SAF structure). The images are taken from A, front side (no use of SAF optical 

structure) and B, rear side (use of SAF optical structure). In B, the light ring corresponded 

to the emission reflected at the side wall of the L-SAF structure. Bottom two graphs: 

signal to noise ratio from 50, 100, and 150 µm-L-SAF arrays scanned by using Bio-

Analyzer 4F/4S scanner at constant exposure time (400 micro sec) and with different 

number of fluorescent molecules per SAF structure. Left graph: scanned from the front 

side (no use of SAF optical structure), and right graph: scanned from the rear side (use of 

SAF optical structure). 

Figure 8. SP-PCR on the L-SAF array. (A) Microarray layout. The surface primers for 

specific amplification of DNA target gene from Streptococcus pneumonia and 

Streptococcus spp and Cy3 labeled-poly T (10) C (10) as a positive DNA probe were 

immobilized on the front of L-SAF for SP-PCR reaction. (B) Fluorescent scanning image of 

the L-SAF array after SP-PCR. 
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Figure 1. Kant. et. al.  

 

Schematic representation of the fabrication of 3D SAF structures using FAPL and transfer of SAF 

structure to the polymeric chip by injection molding (A) and SP-PCR on fabricated SAF for nucleic 

acid detection on Chip. 
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Figure 2. Kant. et. al. 

 

Schematic representation of fabrication steps of L-SAF array using FAPL process. Spin coating of 

photoresist and edge bead removal is presented in (A), and free angle UV exposure over the 

rotatory chuck and development of the exposed Si is presented in (B), the transfer of the 

fabricated 3D L-SAF array to the polymeric chip. Electroplating of the seed layer of NiV (80nm) 

and thick layer (350 µm) of Ni for making a shim for injection molding is presented in (C).   
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Figure 3. Kant. et. al. 

 

Characterization of fabricated SAF array using FAPL process using SEM. (A) SAF structures made 

in photoresist, (B) 3D view of the same SAF structure inset scale is 20 m, (C) Ni shim made after 

electroplating, (d) SAF structure on injection molded polymer chip. 
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Figure 4. Kant. et. al. 

 

Characterization of fabricated SAF array using FAPL process using optical microscope and SEM. 

(A, E, I) are optical images of the SAF structure array. SEM images on the polymeric chip after 

transfer of SAF structure by injection molding, for 50 µm size (B, C, D), for 100 µm (F, G, H) and 

for 150 µm (J, K, L). 
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Figure 5. Kant. et. al. 

 

SEM images of the SAF structures on polymeric chip after injection molding (A, B) FAPL 

fabricated SAF (L-SAF: 100 µM), (D, E) micro-milling fabricated SAF (M-SAF: 100 µM), 

surface profile and average surface roughness of L-SAF (C) and M-SAF (F). 
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Figure 6. Kant. et. al. 

 

 (A) Comparison of the background signal from L-SAF and M-SAF, (B) Graph for the mean 

value of fluorescence for L-SAF and M-SAF spotted with different number of fluorescent 

molecules after subtracting background. The spotting volume was 220 pL and exposure 

time 400 ms for the same size of L-SAF and M-SAF. 
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Figure 7. Kant. et. al. 

 

Fluorescent images of L-SAF structures, spotted with 220 pl Cy3-labeled DNA probe 

ranging from 1 pM (1.32×102 molecules/SAF structure) to 1 µM (1.32×108 molecules/SAF 

structure). The images are taken from A, front side (no use of SAF optical structure) and 

B, rear side (use of SAF optical structure). In B, the light ring corresponded to the 

emission reflected at the side wall of the L-SAF structure. Bottom two graphs: signal to 

noise ratio from 50, 100, and 150 µm-L-SAF arrays scanned by using Bio-Analyzer 4F/4S 

scanner at constant exposure time (400 micro sec) and with different number of 

fluorescent molecules per SAF structure. Left graph: scanned from the front side (no use 

of SAF optical structure), and right graph: scanned from the rear side (use of SAF optical 

structure). 
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Figure 8. Kant. et. al. 

 

SP-PCR on the L-SAF array. (A) Microarray layout. The surface primers for specific 

amplification of DNA target gene from Streptococcus pneumonia and Streptococcus spp 

and Cy3 labeled-poly T (10) C (10) as a positive DNA probe were immobilized on the front 

of L-SAF for SP-PCR reaction. (B) Fluorescent scanning image of the L-SAF array after 

SPPCR. 
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