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Abstract

The presence of air bubbles boosts the shear resistance and causes pressure fluctuation 

within fluid-perfused microchannels, resulting in possible cell damage and even malfunction 

of microfluidic devices. Eliminating air bubbles is especially challenging in microscale where 

the adhesive surface tension force is often dominant over other forces. Here, we present 

an air bubble removal strategy from a novel surface engineering perspective. A microfluidic 

port-to-port interconnect was fabricated by modifying the peripheral of the microfluidic ports 

superhydrophobic, while maintaining the inner polymer microchannels hydrophilic. Such a sharp 

wettability contrast enabled a preferential fluidic entrance into the easy-wetting microchannels 

over the non-wetting boundaries of the microfluidic ports, while simultaneously filtering out 

any incoming air bubbles owing to the existence of port-to-port gaps. This bubble-eliminating 

capability was consistently demonstrated at varying flow rates and liquid analytes. Compared 

to equipment-intensive techniques and porous membrane-venting strategies, our wettability 

contrast-governed strategy provides a simple yet effective route for eliminating air bubbles and 

simultaneously sealing microfluidic interconnects.
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1. Introduction

Undesirable air bubbles have numerous adverse effects on microfluidic systems, including 

elevated interfacial force that detaches adherent cells, clogged narrow microchannels that 

alter fluidic paths, pressure fluctuation and distorted laminar flow that destructs cell 

membranes, and the presence of liquid-air interface that deteriorates cell viability [1–6]. 

Although disadvantageous, the occurrence of air bubbles may be mitigated by taking 

preventive measures, e.g., optimizing the design of microfluidic channels, pre-degassing 

of sample liquids, pre-filling of low-surface-tension liquids to stabilize initial flow, proper 

selection of chip materials and fluidic fittings, etc [7,8]. However, the formation of air 

bubbles is often inevitable in microfluidic systems owing to their various origins, such as 

the temperature variation induced air/gas release, air permeation through porous materials, 

heterogeneous pressure and wettability, sharp corner-based dead volumes, and incomplete 

sealings [9–11]. Additionally, the surface tension force becomes dominant in microscale as 

it scales down linearly with size, while other forces (e.g., pressure and inertial forces) scale 

down more rapidly at a higher power. This makes it difficult to remove adhered air bubbles 

in many microfluidic chambers [12–15]. Accordingly, eliminating unfavorable air bubbles 

for the normal operation of microfluidic systems remains a significant challenge.

Previous attempts for eliminating air bubbles may be classified into two major categories: 

(1) trapping and (2) venting air bubbles. First, trapping free-moving air bubbles securely 

in a restricted microfluidic region can effectively halt their migration into downstream flow 

systems, thereby allowing the fluidic paths to remain uninterrupted. An air bubble trap is 

usually a built-in microstructure integrated into a main microfluidic device, serving to expel 

air bubbles owing to its microtextured geometrical features (e.g., grooves, pillars, cavities) 

and non-wetting surface properties [16–20]. However, an air bubble trap itself occupies 

fluidic space and thus introduces dead volume. For a long-term microfluidic operation, the 

captured air bubbles must be vented periodically to avoid exceeding the limited trapping 

capacity. Second, venting air bubbles typically relies on the permeability of microstructures 

(e.g., breathing holes, porous membranes) to transport air, either actively or passively. 

For example, active venting strategies are commonly pressure-driven techniques including 

positive-pressure pumping [21,22] or negative-pressure vacuuming [23–25]. In comparison, 

passive venting strategies utilize permeable hydrophobic microstructures that only allow air 

bubbles to escape while preventing fluidic leakage [26,27]. Although promising, previous 

passive strategies suffer from drawbacks such as complex microstructures and lack of 

generality. To improve those passive strategies, it is favorable to develop a less complex 

yet highly configurable for eliminating air bubbles.

Recently, many new strategies have been proposed for eliminating microfluidic air bubbles. 

Cortes et al [28]. reported an air bubble removal strategy by multichannel nanofluidic 

valves with simple construction and flexible compatibility in analytical applications. He et al 

[29]. conducted a comprehensive study on preventing air bubble formation by studying the 

factors such as channel structures and wettability, liquid flow rate, and the change of flow 

rate and pressure. Furthermore, Huang et al [30]. reported a simple sloped microstructure 

with easy integration and compatibility with a range of microfluidic systems for preventing 

and removing air bubbles. Nevertheless, the fabrication time and operational complexity of 
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microfluidic system in previous studies usually increase with the number of bubble removal 

sites/locations. It is favorable to add bubble removal sites/locations for higher-frequency 

air bubble removal in microfluidic systems, without increasing the fabrication time and 

operation complexity. Ideally, this could provide a pathway for the orthogonal design of air 

bubble removal technology that synergistically implements the scalable bubble removal sites 

and the fabrication/operational simplicity.

In this study, we report a wettability contrast-governed strategy to allow chip-to-chip 

microfluidic flow and simultaneously filtering out air bubbles. Two microfluidic chips were 

held port-to-port by built-in magnets and the gaps were maintained by pin-in-V-groove 

alignment structures. Multiple pairs of microfluidic ports were vertically aligned to allow 

fluidic passage, while air bubbles were free to escape via the chip-to-chip air gaps. 

This is because the superhydrophobic port peripheral enabled a high Laplace pressure to 

prevent lateral fluidic leakage, and simultaneously promoted the fluidic entrance into the 

inner hydrophilic microchannels. Meanwhile, the superhydrophobic coatings exhibited high 

optical transparency that allowed the real time tracking of air bubbles within microfluidic 

systems. We further demonstrated the simultaneous interconnect sealing and air bubble 

eliminating at varying liquid analytes and flow rates.

2. Results & discussions

The superhydrophobic coating was prepared by spin coating a layer of dual-sized silica 

particles (400/70 nm) and silica-based oligomer binders on a plastic substrate (Fig. 1a). 

Both polymethylmethacrylate (PMMA) or polycarbonate (PC) were used as substrates for 

fabricating microfluidic chips. For simplicity, the following characterization and testing 

results are presented on PMMA substrates unless otherwise specified. The results for PC 

substrates were detailed in Experimental Section and Supplementary Information. To lower 

the overall surface energy, 1 H,1 H,2 H,2 H-perfluorodecyltrichlorosilane (FDTS) was 

grafted onto the silica coating layer through silanization reactions. Previous studies revealed 

that FDTS exhibited excellent biocompatibility with body tissue, cells, and biological 

reagents [31,32]. The dual-sized silica particles led to a hierarchical surface roughness 

(Fig. 1b), and thus enabled a suspended Cassie-Baxter state for superhydrophobic surfaces 

[33–35]. Meanwhile, a transparent coating formulation was employed to allow the facile 

visual inspection of air bubbles within microchannels. Such a high optical transmittance was 

obtained by maintaining the particle film thickness lower than the visible wavelength (400–

700 nm, Fig. 1c) [36–38]. Likewise, we observed a similitude of high optical transmittance 

on superhydrophobic PC substrates (Fig. S6). Additionally, the silica-based oligomer 

binders provided strong adhesion of silica particles to the plastic substrates by introducing 

covalent Si-O-Si bonds, and consequently prevented any potential contaminations caused by 

silica particle detachment. Notably, the silica-based oligomer concentration was optimized 

sufficiently high for effective silica particle anchoring while not too high for smoothing the 

hierarchical micro- and nanostructures.

To obtain a sharp wettability contrast at the edge of the microfluidic ports (500 μm 

in diameter), precise micromilling was performed for machining micro-holes while not 

to damage the superhydrophobic coating films (PMMA in Fig. 2a, PC in Fig. S8). 
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In comparison, spin coating after machining micro-holes may cause the leaking of 

superhydrophobic coating solution into the port inner wall (Fig. S1). As verified by scanning 

electron microscopy (SEM) images, the inner wall of the microfluidic port was free of 

silica particles, representative of a hydrophilic pristine PMMA surface. In contrast, the 

peripheral of the microfluidic port was densely covered with silica particles, indicating a 

superhydrophobic coating film (Fig. 2b). Specifically, the static water contact angles (CAs) 

of PMMA before and after superhydrophobic silica coating were measured as 70° and 163°, 

respectively. Also, for PMMA substrates directly vapor deposited with PDTS without being 

coated with silica particles, the static water CAs were reduced from 166° (silica particles 

+ PDTS) to 119° (Fig. S7). X-ray photoelectron spectroscopy (XPS) analysis further 

confirmed such a wettability contrast. In the XPS spectrum, the fluorine 1 s electron signal 

(689 eV) from fluorocarbon motif was clearly observed at the outer port peripheral, while no 

fluorine signal was detected at the inner port wall (Fig. 2c). Such a wettability contrast led to 

a preferential affinity of air bubbles to superhydrophobic surfaces over hydrophilic surfaces. 

For example, an in-air superhydrophobic surface is contrarily underwater bubble-philic 

and vice versa (Fig. 2d) [39,51]. Consequently, the superhydrophobic microfluidic port 

peripheral was highly attractive to air bubbles over aqueous liquids, and thus facilitating air 

escape via the air gaps. A similitude of wettability contrast was observed on PC substrates.

The microfluidic assembly was fabricated via a well-established double-sided micro-

embossing method [40–42,50] and served as a proof-of-concept test platform. The 

micro-embossing parameters for both PMMA and PC substrates were detailed in Table 

1. This microfluidic test platform included two microfluidic modules mounted on a 

motherboard, which was assembled with the assistance of built-in pin-in-V-groove structures 

and embedded magnets. Pin-in-V-groove structures were pre-embossed onto the plastic 

microfluidic substrates, in which they simultaneously aligned the microfluidic ports as well 

as maintained the air gap distance [42,43]. Briefly, three pairs of hemisphere-tipped pins 

and V-shaped grooves were employed to constrain the relative motion between two paired 

microfluidic chips (Fig. 3d). Confocal microscopic imaging confirmed the low variations in 

air gap distances (10 ± 2 μm) and the port-to-port misalignments (59 ± 13 μm) for each 

pair of microfluidic ports. The embedded magnets served to passively clamp two PMMA 

chips, which enabled a passive chip-to-chip assembling (Fig. 3e). According to the Original 

K&J Magnet Calculator (K&J Magnetics, Inc., Pipersville, PA, USA) [44], four pairs of 

circular N52 magnets (10 μm gap distance) theoretically provide roughly 3.4 N pulling 

force, which was sufficiently high for our centimeter-sized microfluidic chips. When a liquid 

analyte went through a microfluidic interconnect, liquid bridge was spontaneously formed, 

and the lateral leakage was prevented by superhydrophobic peripheral sealing (Fig. 3a,b). 

In addition, the microfluidic modules were designed to be air bubble-prone owing to their 

serpentine microchannels and high density micropillar structures (Fig. 3c). That is, a small 

variation in the microchannel widths or micropillar spacings would cause the fluctuations 

of the Laplace pressure resistance, leading to the selective blocking/delaying of fluidic flow 

and consequently the formation of air bubbles (Fig. S2).

Typical results for microfluidic sealing and air bubble eliminating were presented in Fig. 

4. As mentioned above, the wettability contrast enabled a preferential fluidic entrance 

into the microfluidic ports while simultaneously eliminated air bubbles owing to the 
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presence of air gaps (Fig. 4a). Importantly, the presence of chip-to-chip air gap would 

not introduce any new air bubbles into microfluidic systems, as the inner hydrophilic 

channel walls were air bubble phobic. This was further confirmed by the experimental 

observations on the microfluidic setup, where air bubbles were continuously removed 

after aqueous liquid passing through the microfluidic interconnects (Fig. 4b, Movie S1 

for PMMA, Movie S2 for PC). For a typical flow test, a syringe and a custom-built 

computer-controlled syringe pump were employed to pump methylene blue-dyed deionized 

(DI) water (surface tension γ = 72.8 mN/m), fetal bovine serum (FBS, γ = 52.0 mN/m), 

and healthy donor plasma (γ = 55.9 mN/m) into the microfluidic assemblies at a flow 

rate of 5–200 μL/min. To estimate the maximum sealing pressure (or leakage pressure) of 

the microfluidic interconnects, we calculated the interfacial Laplace pressure according to 

the modified Young-Laplace equation: [45] ΔP ≈ γ/R = 2γcosθ/z, where R is the radius 

of curvature in normal plane, θ is the liquid static CA of the superhydrophobic surfaces 

(Table S1), γ is interfacial surface tension, and z is air gap distance. Taking zmax = 12 

μm and zmin = 8 μm as aforementioned, the surface tension (γ) dependence of leakage 

pressure (ΔPleak) can be estimated for DI water, FBS, and healthy donor plasma (Fig. 

4c). For experimental verification, our theoretical values were in a good agreement with 

the measured (by Elveflow pressure sensor) leakage pressures (Fig. 4d). Meanwhile, for 

microfluidic motherboard directly treated with PDFS without prior silica particle coating, 

the leakage pressure was also reported (Fig. S7). For a typical operation of the microfluidic 

interconnect, the liquid bridge meniscus was capable of changing shapes (i.e., radius of 

curvature R) and adapting to the real time liquid-air pressure difference. Nevertheless, such 

a pressure difference must be controlled below leakage pressure (ΔPleak) for the proper 

microfluidic operation. Additionally, we further characterized the volume distribution of 

individual air bubbles within microchannels (Fig. 4e). Note that the air bubble volume was 

calculated based on the length of air bubbles and the cross-sectional area of microchannels. 

We observed a smaller size range of air bubbles for FBS and heathy donor plasma, possibly 

owing to their lower surface tension and thus a reduced variation in interfacial Laplace 

pressure. Meanwhile, the air bubble removal efficiency in volumes was measured with 

varying flow rates and liquid analytes. For a typically experiment, the sum of air bubble 

length before and after passing though the interconnect was measured by optical imaging 

over a 5 min period, respectively. Since the microchannels on both module and motherboard 

have the same cross-sectional area, the air bubble removal efficiency was calculated by the 

fraction of overall bubble length at the outlet and inlet of the interconnect (Fig. S11). For 

all three types of liquids, we observed an air bubble removal efficiency > 95% with flow 

rates ranging from 5 to 200 μL/min (Figure f-h, Table S3). The unremoved air bubbles 

may be due to the following reasons: (1) the boost of flow rate and pressure at the 

beginning of liquid perfusion process; (2) the circular open-air interconnect with a complex 

solid-liquid-air interface; and (3) the air bubbles were not attached to the inner channel 

wall, which prevented them from being vented by the ‘bubble-philic’ superhydrophobic 

boundary surfaces at the interconnect. For comparison between the conditions with and 

without wettability contrast, we also conducted the flow of DI water (100 μL/min) into 

interconnect without superhydrophobic boundary coatings. That is, both interconnect port 

inner wall and boundary were maintained hydrophilic. As a result, we observed the leakage 
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of DI water into air gaps but the wettability contrast-enabled interconnect remained sealed 

with no leakage (Fig. 5, Movie S3).

Supplementary material related to this article can be found online at doi:10.1016/

j.addma.2020.101681.

Supplementary material related to this article can be found online at doi:10.1016/

j.addma.2020.101681.

Supplementary material related to this article can be found online at doi:10.1016/

j.addma.2020.101681.

To understand the interfacial mechanism of air bubbles passing through microchannels and 

fluidic interconnects, we conducted theoretical analysis on their wetting properties and 

pressure resistance. The Jamin effect, which describes the gas bubble induced impedance 

on liquid flow through capillary tubes, is attributed to the hysteresis force caused by the 

difference between the advancing and receding CAs [46, 47]. Or in short, the presence 

of air bubbles within microchannels increases the shear resistance of fluidic flow. This 

Jamin effect is more evident at a smaller microchannel cross-section owing to the increased 

Laplace pressure. Due to the microscale channel dimension (250 × 500 μm) in our 

experiments, an air bubble usually spans the entire microchannel cross-section as observed 

from the microfluidic flow experiments (Fig. 4b, Movie S1). That is, a relatively large 

air bubble divides the liquid flow into two disconnected parts (Fig. 6a). Without loss of 

generality, let us consider an air bubble advances through a liquid-perfused microchannel. 

The receding contact angle (θrec) at the front of air bubble meniscus, and the advancing 

contact angle (θadv) at the back of air bubble meniscus, result in a pressure resistance (Fig. 

6b): Presist = Padv – Prec = 4γ (cosθrec – cosθadv) /Dh, where Dh is the hydraulic diameter of 

microchannel [48]. Note that the interfacial pressure resistance for each individual air bubble 

remains unchanged with its length/volume, as long as it spans the entire microchannel 

cross-section (Fig. 6c). Meanwhile, we restricted our analysis to quasi-static equilibrium of 

air bubbles, without taking account into their dynamic contributions or surface frictions [5]. 

As a consequence, for a microchannel containing N discrete air bubbles, the total pressure 

resistance Ptotal = NPresist = 2Nγ(cosθrec – cosθadv)/Dh. By incorporating the microfluidic 

interconnect for air bubble removal, the air bubble-induced Ptotal can be thoroughly relaxed 

within microchannels. Importantly, the microfluidic interconnect is advantageous over 

conventional methods utilizing hydrophobic venting membranes in terms of air bubble 

removal efficiency, as evidenced from our experimental results showing approximately > 

95% air bubble removal rate (Fig. 4f–h). Further, our interconnects show advantages in 

removing ultra-small air bubbles. For example, if an air bubble is smaller than the width 

of a microchannel, it cannot be removed by conventional strategies unless migrating at 

the vicinity of their venting structures (Fig. 6d). In contrast, the two fluidic ports in our 

interconnects are fully separated by an air gap, enabling efficient venting of tiny air bubbles 

at any adhered locations (Fig. 6e).
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3. Conclusion

We have proposed a wettability contrast-governed strategy for air bubble removal in 

microfluidic systems, which was enabled by the sharp wetting contrast at the port edge 

of a microfluidic interconnect. We have demonstrated that air bubbles can be continuously 

removed from the liquid analytes of varying surface tensions within microfluidic systems. 

Meanwhile, no liquid leakage was observed at the microfluidic interconnect, representing an 

adequate chip-to-chip sealing by the transparent superhydrophobic boundary surfaces. We 

also discussed the potential advantage of this wettability strategy in terms of air bubble 

removal efficiency, when compared to conventional passive strategies utilizing porous 

microstructures/membranes. Further, the reported concept and strategy for wettability-

contrast sealing and air bubble removing may be extended to more complex mixed-scale 

or Lego®-like microfluidic assemblies with high-density interconnects.

4. Experimental section

4.1 Materials

Polymethylmethacrylate (PMMA) (Cope Plastics, Alton, IL, 100 × 100 mm surface area, 

3 mm thick) and polycarbonate (PC) (SABIC Innovative Plastics, Houston, TX, 100 × 

100 mm surface area, 3 mm thick) were used as microfluidic substrate. Neodymium 

N52 magnets (8 mm in diameter; 1 mm in thickness) were purchased from Stritra. 

Anhydrous ethanol, 200 proof, was obtained from Decon Laboratories (Montco, PA). 

Tetraethyl orthosilicate (TEOS) was supplied by Acros Organics (98%) (Geel, Belguim). 

Ammonia (28–30%) and Hydrochloric acid (HCl) were purchased from VWR International 

(Radnor, PA). Methylene Blue was purchased from Aldon Corporation (Avon, NY). 

Perfluorodecyltrichlorosilane (FDTS) was obtained from Gelest, Inc (Morrisville, PA). Fetal 

bovine serum (FBS) and healthy donor plasma were received from Life Technologies 

(Caersbad, CA).

4.2 Synthesis of silica particles

Silica particles with nominal diameters of 70 nm and 400 nm were synthesized using the 

Stöber method [49]. For a typical synthesis route of 400 nm silica particles, we first prepared 

a mixture of 200 mL ethanol and 10 mL ammonia in a flask, then added with 7.5 mL 

TEOS dropwise while maintaining the magnetic stirring at 1000 rpm. Next, the mixture of 

TEOS/ethanol/ammonia was magnetically stirred at 600 rpm for 18 h at room temperature, 

followed by centrifuging and vacuum-drying overnight. Table S2 shows the volume of 

ethanol, ammonia, and TEOS used for synthesizing 400 nm and 70 nm silica particles.

4.3 Transparent superhydrophobic coating

The superhydrophobic coating procedures utilizing silica particles and silica-based 

oligomers were described previously [37]. Briefly, the silica-based oligomer solution was 

prepared by mixing TEOS (1 g), HCl (1 g), and ethanol (10 g), followed by magnetic 

stirring (700 rpm, 60 °C, 90 min). Next, 70 nm (0.25 g) and 400 nm (0.5 g) silica particles 

were dispersed into the oligomer solution and sonicated for 15 min. The obtained silica 

particle/oligomer mixture were spin coated (750 rpm) on the plastic substrates. The spin 
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coated substrate was then oxygen plasma (30 W, 0.15 Torr, Harrick Plasma PDC-32 G) 

treated for 3 min, followed by vapor deposition of FDTS for low energy surface treatment.

4.4 Fabrication of microfluidic test platform

The brass molds used for embossing the microfluidic assembly, incorporating one module 

with serpentine-shaped microchannels (4 × 2.7 cm), the other module with high-density 

micropillars (4 × 2.4 cm), and a motherboard (10 × 4 cm), were designed using AutoCAD 

(AutoCAD® 2019. Autodesk, Inc., San Rafael, CA) (front and back, Fig. S3, S4). 

The AutoCAD designs of brass molds were then imported to GibbsCAM (3D Systems, 

Moorpark, CA) for subsequent micromilling by Kern Evo Ultra Precision CNC machining 

(KERN Microtechnik GmbH, Germany).

A single-step, double-sided hot-embossing method40 was used to replicate the 

microchannels, pin-in-V-groove structures, and fluidic ports in PMMA and PC substrates 

from the two brass molds. The pin-in-V-groove structures, which comprised of three pairs 

of hemisphere-tipped pin and a V-shaped grooves, have been demonstrated in our group as 

passive alignment features (to avoid over- and under-constraint) for modular microfluidic 

systems [43]. The micro-patterns were printed from the brass molds to a 3 mm thick PMMA 

or PC substrate using a Jenoptik HEX02 hot-embossing machine (Jena, Germany). The 

micro-embossing parameters for PMMA and PC including molding temperature, demolding 

temperature, pressing force, holding time are shown in Table 1. The open microfluidic 

channels were oven bonded by a 250 µm thick PMMA (108 °C) or PC coversheet (155 

°C) for 1 h. The misalignment of the top and bottom micropatterns on the hot-embossed 

plastic substrates were measured by microscope, and the position of the brass molds was 

then adjusted to minimize the misalignment. Four magnets (3 mm in diameter; 1 mm in 

thickness) were embedded into each plastic module, and eight magnets were embedded into 

a plastic motherboard (Fig. 4b).

4.5 Fluidic leakage test

A syringe and a computer-controlled syringe pump were used to inject DI water, fetal 

bovine serum (FBS), and healthy donor plasma into the microfluidic system at 10 μL/

min. FBS and health donor plasma were selected for potential analytical applications in 

cell isolation and detection. A commercial microfluidic pressure sensor (MPS; Elveflow, 

France) was connected to the microfluidic system to measure the fluid leakage pressures 

at the interconnects (Fig. S4). After the test liquids passing though the interconnect, the 

downstream flow valve was closed and maximum leakage pressure was recorded upon 

fluidic leakage. For each liquid type, at least 10 measurements of leakage pressure were 

conducted (Fig. 4d).

4.6 Characterization

The surface morphologies of the silica particle coatings were imaged using a Field Emission 

Gun Scanning Electron Microscope (FEG-SEM, The quanta 3D DualBeam). Prior to 

SEM imaging, the surface surfaces were sputtered with roughly 10 nm platinum layer 

(EMS550X sputter coater) to improve electrical conductivity and reduce charging effect. 

Contact angles (CAs) were measured by a VCR Optima goniometer (AST Products, Inc.) 
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and a droplet shape software (VCA Optima XE, AST Products), using a sessile droplet 

technique. The static CAs was measured by depositing a 10 μL droplet of liquids onto 

sample surfaces using a microsyringe. CAH was recorded as the difference of the advancing 

and receding CAs, which were obtained by adding and removing liquids from the sample 

surface. X-ray photoelectron spectroscopy (XPS) analysis was performed using a Scienta 

Omicron ESCA 2SR X-ray Photoelectron Spectroscope with an aluminum monochromatic 

source. The transmittance spectra of were obtained using a Thermo Electron Helios UV–Vis 

spectrophotometer (Thermo Electron Corp.) in the visible wavelength range (400–700 nm). 

The transmittance percentage of the silica particle coatings was based on the uncoated 

PMMA/PC substrates.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Fabrication of transparent and superhydrophobic microfluidic chips. (a) Schematics of the 

superhydrophobic coating layer containing silica-based oligomer and silica particles with 

strong anchoring on plastic substrate, and the chemical structure of TEOS that serves as a 

silica-based oligomer precursor. (b) SEM images of the superhydrophobic coating films with 

dual-sized silica particles (400/70 nm). (c) Optical image shows the methylene blue-dyed 

water droplets deposited on a transparent and superhydrophobic PMMA substrate, and its 

optical transmittance graph at the visible wavelength range (400–700 nm). Transmittance 

percentage is determined relative to pristine PMMA substrates.
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Fig. 2. 
Sharp wettability contrast at the microfluidic port edge. (a) SEM image of a microfluidic 

port. (b) Close-up image shows the edge of the microfluidic port and the static water CAs 

before/after superhydrophobic silica coating. (c) XPS analysis on superhydrophobic port 

peripheral and hydrophilic inner port wall. (d) Schematics showing the interaction of in-air 

water droplets and underwater air bubbles with hydrophilic and superhydrophobic surfaces, 

respectively.
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Fig. 3. 
Proof-of-concept microfluidic setup for air bubble removal. (a) 2D and (b) 3D schematics 

showing proof-of-concept microfluidic assembly and close-up image showing the formation 

of liquid bridge between two assembled microfluidic chips. (c) Optical image of the 

microfluidic setup and SEM images of serpentine microchannels and high density 

micropillar structures in microfluidic modules. Schematics of (d) pin-in-V-groove structures 

and (e) built-in magnets for microfluidic port-to-port aligning and passive assembling.
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Fig. 4. 
Results of sealing microfluidic interconnects and eliminating air bubbles. (a) Schematics 

illustrating the mechanism of air bubbles escaping via the air gap between two microfluidic 

chips. (b) The assembly of two microfluidic modules mounted on a motherboard, and 

the close-up view shows the air bubbles removal after passing through the microfluidic 

interconnect. (c) The theoretical leakage pressures (with upper and lower limits due to air 

gap variations) at the microfluidic interconnects for liquids of varying surface tensions. (d) 

The estimated and experimentally measured leakage pressures, (e) the volume distribution of 

individual air bubbles, and (f-h) air bubble removal efficiency vs. air bubble removal rate for 

DI water, FBS, and healthy donor plasma.
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Fig. 5. 
(a) The flow of blue-dyed DI water into microfluidic assembly with zoomed views of 

interconnects (b) with and (c) without wettability contrast.
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Fig. 6. 
Interfacial analysis of air bubbles in microfluidic system. (a) 3-D schematic and (b) 

2-D schematic of an air bubble spanning the entire cross-section of a liquid-perfused 

microchannel. The receding (θrec) and advancing (θadv) contact angles at the front and back 

of air bubble meniscus, respectively. (c) The air bubbles in a microchannel have the same 

pressure resistance regardless of their length/volume. Schematics showing air bubbles being 

removed by (d) conventional hydrophobic venting membrane and (e) wettability-contrast 

enabled microfluidic interconnect.
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Table 1

Micro-embossing parameters for PMMA and PC substrates.

Glass transition 
temperature (°C)

Molding temperature 
(°C)

Demolding temperature 
(°C)

Pressing force (kN) Holding time (min)

PMMA 105 160 90 20 2

PC 147 195 140 25 2
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