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An addressable electrowetting valve for centrifugal microfluidics 
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A B S T R A C T   

Centrifugal microfluidic platforms aim to integrate and perform complex biological and chemical processes 
within disc-like substrates and valving through centrifugal forces and the Coriolis effect. Although the integration 
of active valves within such system can be used to enhance fluid control, the ability to fabricate and integrate 
addressable valves within centrifugal platforms remains a significant challenge. To address this issue, herein, we 
present and test an addressable electrowetting centrifugal (EWC) valve. The EWC valve comprises a hydrophobic 
burst valve, integrated side electrodes and a dielectric layer between the microfluidic channel and electrode 
structures. The burst valve is made from a hydrophobic material able hold a specified pressure. Specifically, 
application of an external electric field is used to alter the valve wettability, making the valve more hydrophilic, 
decreasing the threshold pressure and triggering the opening of the valve. To assess valve performance, we 
investigate the influence of electric properties and channel geometry on valve response and then demonstrate 
multiple operations on different fluid samples. Finally, and to highlight the utility of EWC valves, we demonstrate 
the detection and analysis of CD4 human immune cells.   

1. Introduction 

Microfluidic systems allow the control of fluid flow on sub-nL scales, 
providing numerous advantages when performing chemical or biolog-
ical experiments. In simple terms, microfluidic systems are able to 
process small sample volumes with ease, perform and automate multiple 
functionalities in an integrated manner and control both heat and mass 
transport with unrivaled precision [1]. Centrifugal microfluidic systems, 
also commonly known as lab-on-a-disc systems, integrate a variety of 
functional operations within a spinning disc format. Driven by a single 
motor, centrifugal microfluidic platforms are simple to control, do not 
require external pumps to drive the fluid [2,3]. Unsurprisingly, cen-
trifugal microfluidic systems have been used in a range of biological 
applications, including immunoassays [4,5] and nucleic acid analysis [6, 
7]. 

In all centrifugal microfluidic platforms, rapid rotation of the device 
generates a centrifugal force that drives the fluid (contained within 

microfluidic channels) outwards from the center and towards the 
boundary. Whilst this is simple to achieve, basic centrifugal microfluidic 
platforms lack flexibility in their ability to precisely control fluid flow 
when compared to more traditional microfluidic technologies. This in 
turn limits the number of distinct fluidic operations that can be per-
formed in an integrated and automated manner. Accordingly, the ability 
to integrate valves within centrifugal microfluidic platforms is impor-
tant in exerting better fluid control and allowing the performance of 
complex experimental workflows. Valves within centrifugal platforms 
are typically classified as being either passive or active in nature [2]. The 
“burst valve” is the most commonly used passive valve due to its simple 
structure and easy integration [8–10]. In its simplest embodiment, a 
burst valve consists of an expanding geometry or hydrophobic surface 
modification within a microchannel, with fluid only being able to pass 
through the valve if the applied pressure overcomes surface tension. 
Examples of more sophisticated burst valves include elastomeric mem-
brane valves integrated into a disc [11], and 3D slope valves, which 
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allow for precise and sequential fluid control through both centrifugal 
and gravitational forces [12]. Whilst such technical innovations have 
enhanced fluid control within centrifugal platforms, fluid manipulation 
using passive valves is primarily controlled by the spinning speed of the 
entire disc, making independent valve operation almost impossible. 
Active valves overcome this limitation and allow more precise and 
bespoke fluid control [13]. For example, membranes can be used in an 
“active” manner under rotation. Deflection of a membrane can be 
induced by various stimuli, including laser heat-melting [14–16], 
chemical dissolution [17], mechanical deformation [18,19], thermal 
expansion [20] and mechanical twisting [21]. Although useful, such 
valves can often contaminate the contained sample and their relatively 
large cross-sectional dimensions hinder facile integration. And the valve 
needs to move to certain place to receive the actuation from external 
stimuli, which increase actuation time and bring difficulty to operate 
valves in parallel. To overcome these limitations, Wang and co-workers 
have reported a series of centrifugal valves, which are actuated by the 
vertical movement of a spring connected to a mechanical system such as 
a fly-ball [22–24], a wedge [25], or a sliding weight [26]. Finally, Kim 
et al. reported a range of diaphragm valves comprising an elastic epoxy 
film embedded in a 3D-printed push-and-twist valve, which is actuated 
by a simple automatic driving unit [27,28]. Again, whilst useful, their 
large footprint (typically mm-scale) prohibits multiplexing. 

Whilst all the aforementioned valves have shown some utility within 
centrifugal platforms, there remains a need for active valves that can be 
integrated in a facile manner, whilst requiring only minimal peripheral 
control architecture. To this end, we present an addressable electro-
wetting centrifugal (EWC) valve formed when two electrodes are located 
across a narrow microfluidic channel made from a hydrophobic mate-
rial. When a voltage is applied across the electrodes, the channel wall is 
made more hydrophilic, allowing fluid transport through the channel 
under the influence of the centrifugal force. Significantly, valves may be 
rapidly and selectively opened through (remote) control of the applied 
electric field. In addition to assessing the performance of the EWC 
valves, we showcase their utility through the implementation of a 
fluorescence-linked immunosorbent assay for the detection of CD4 cell 
antigens, important biomarkers of HIV infection [29,30]. 

1.1. Operating principle of the EWC valve 

A centrifugal microfluidic platform integrating 12 EWC valves is 

shown in Fig. 1a. In its simplest embodiment, an EWC valve comprises a 
hydrophobic burst valve flanked by two electrodes and a dielectric layer 
positioned between the microfluidic channel and electrodes. The burst 
valve acts to hold the flow at a narrow channel cross-section due to 
surface tension, and will open only when the pressure exceeds a certain 
threshold (Fig. 1b) [8–10,31,32]. To refine this pressure driven mech-
anism, we use an electric field to trigger valve opening in a sensitive and 
rapid manner. Specifically, under the application of electric field, the 
inter-electrode surface changes from hydrophobic to hydrophilic by 
surface charging. This process “opens” the valve, allowing fluid trans-
port through the narrow channel under a centrifugal force (Fig. 1c) 
[33–36]. For a rotating microfluidic device, the centrifugal pressure is 
given by, 

P = ρRΔr
(

60N
2π

)2

(1)  

Here, P is the centrifugal pressure, ρ is the fluid density, R is the distance 
from the centrifugal center, Δr is the distance between the inner radial 
point and outer radial point of the liquid plug and N is the rotational 
speed (round per minute). These parameters are highlighted in Fig. 1b. 

It is important to note that independent valve control can be ach-
ieved by connecting each valve via a slip ring [37]. However, such an 
approach does limit the number of valves that can be integrated per 
device due to the limited channels of the slip ring. Accordingly, a PCB 
board (with power supplied through a slip ring) integrating a WiFi 
module is used to control voltage switching on each valve. It should be 
noted that the patterned electrodes on the centrifugal microfluidic de-
vice are connected to the PCB board via spring electrodes installed on 
the control board. A microfluidic device integrating 4 EWC valves is 
presented in Fig. 1d. 

2. Materials and methods 

2.1. Chip fabrication 

The workflow for the fabrication of centrifugal microfluidic devices 
is presented in Fig. 2. First, a 200 nm thick chromium layer is deposited 
on a glass slide (Menzel-Glaser, Braunschweig, Germany) using an Ex-
plorer 14 Sputtering System (Denton Vacuum, Moorestown, USA) 
(Fig. 2a). Next, a 1.4 µm layer of AZ5214 positive photoresist 

Fig. 1. Centrifugal microfluidic platform inte-
grated with electrowetting valves. (a) Sche-
matic of the entire centrifugal platform 
integrating 12 electrowetting valves. (b) Fluid 
under a certain centrifugal pressure is held by 
the narrow channel of burst valve, and sche-
matic of its centrifugal pressure calculation 
parameters of Eq. (1). (c) Subsequent fluid 
transport through the narrow channel due to 
centrifugal pressure and the application of an 
electric field. (d) Top view image of a centrif-
ugal microfluidic chip containing 12 EWC 
valves. (e) Detailed image of an EWC valve.   
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(MicroChem, Round Rock, USA) is spun on top of the chromium layer 
and photolithographically patterned using an MA6 mask aligner (SUSS, 
Munich, Germany). The exposed regions of the chromium layer are then 
wet etched using a TechiEtch Cr01 etchant (MicroChem, Round Rock, 
USA) to yield the desired metal electrode patterns (Fig. 2b). Subse-
quently, a 500 nm thick SiOxNy insulating layer is deposited on top of 
the electrodes using a PECVD 80 + plasma-enhanced chemical vapor 
deposition system (Oxford Instruments, Bristol, UK) (Fig. 2c). Next, a 
10:1 mixture of Sylgard 184 PDMS (Dow Corning, Midland, USA) is spin- 
coated onto the SiOxNy layer at 1200 rpm for 50 s to yield a 70 µm-thick 
elastomer layer (Fig. 2d). 

Microfluidic device masters were fabricated in stages via 3D printing 
and lithography. Valve regions were fabricated using a two-photon 
stereolithography printer (Nanoscribe GmbH, Stutensee, Germany) 
with a 63 × objective and an IP-Dip photoresist (Nanoscribe GmbH, 
Stutensee, Germany). The resulting structure was developed for 15 min 
in SU-8 Developer (MicroChem, Round Rock, USA) and then rinsed in 
isopropyl alcohol for 5 min (Fig. 2e). Subsequently, larger features were 
produced using conventional photolithography of an SU-8 photoresist. A 
50 µm thick layer of SU-8 2050 (MicroChem, Round Rock, USA) was 
spin-coated on the wafer, and baked for 2 min at 65 ℃ and then 7 min at 
95 ℃. The photoresist was aligned with the 3D printed structure and 
exposed using an MA6 mask aligner (SUSS, Munich, Germany). After 
post baking for 1 min at 65 ℃ and 6 min at 95 ℃, the wafer was 
developed for 6 min in SU-8 Developer, rinsed in isopropyl alcohol and 
then baked at 200 ℃ for 15 min (Fig. 2f). 

Subsequently, a 10:1 mixture of Sylgard 184 PDMS (Dow Corning, 
Midland, USA) was poured over the master mold, cured at 70 ℃ for 4 h 
and then peeled off (Fig. 2g). After forming inlet and outlet ports using a 
hole-puncher (Technical Innovations, West Palm Beach, USA) (Fig. 2h), 
the structured PDMS substrate was aligned and bonded with the PDMS 
film (on the glass slide) after treating both surfaces in an EMITECH 
K1000X oxygen plasma (Quorum Technologies, Wealden, UK) (Fig. 2i). 

2.2. Bioassay 

Three separate reagents (CD4 antibody-bound magnetic beads, CD4 
cell antigen and fluorophore-conjugated CD4 antibodies) were prepared 
and used for the detection of CD4 human immune cells. CD4 antibody- 
bound magnetic beads were prepared as follows. First, 10 mg/mL NHS 
activated magnetic beads (Thermo Scientific, Waltham, USA) were 
washed using 1 mM ice-cold hydrochloric acid and collected in a 

microcentrifuge tube. After removing the supernatant, 10 μL of 0.5 mg/ 
mL CD4 Monoclonal Antibody GK1.5 (Invitrogen, Santa Clara, USA) was 
added to the tube and incubated with magnetic beads on a rotator for 2 h 
at room temperature. The CD4 antibody-bound beads were then washed 
using 0.1 M glycine (pH 2.0) twice, ultrapure water once, quenching 
buffer (3 M ethanolamine, pH 9.0) once and PBS buffer three times, 
respectively. Finally, 10 μL PBS was added to the tube to resuspend the 
solution. CD4 cell antigen was prepared as follows. First, 0.5 mg/mL 
solution was made by dissolving 5 μg Human CD4 His-tag Recombinant 
Protein antigen (Invitrogen, Santa Clara, USA) in 10 μL PBS as a storage 
solution. Then the storage solution was diluted into 10 μL 0.4 mg/mL, 
0.3 mg/mL, 0.2 mg/mL, 0.1 mg/mL, 0.08 mg/mL, 0.06 mg/mL, 
0.04 mg/mL and 0.02 mg/mL aliquots, respectively. 

2.3. Experimental setup 

A schematic of the entire centrifugal microfluidic platform is shown 
in Fig. S1. An ECMA-C10604SS drive motor (Delta, Hoofddorp, 
Netherlands) was fixed onto a homemade stage and used to control 
device rotation. A slip ring (used to connect a stationary system to a 
rotating system) was mounted on the shaft of the motor to allow elec-
trical connection between the chip and power supply. External electric 
fields were generated using a 33210A function wave generator (Agilent 
Technologies, Santa Clara, USA) and amplified by a Model 2210 power 
amplifier (Trek, New York, USA). The EWC centrifugal microfluidic 
system was electrically connected via copper spring pins (Zhenghe, 
Dongguan, China) and physically fixed onto the chip holder with the 
PCB board. The control board received commands from the PC via the 
WiFi module. This allows precise control of the electric field applied to 
each valve and thus switching between “open’ and ”closed” states. 
Wireless connection between the computer and WiFi chip is achieved 
using the Mega 2560 open-source electronics platform (Arduino, Ivrea, 
Italy), with the computer sending valve control commands via NetAssist 
net-control software (Shanghai-Channel, Shanghai, China). To both re-
cord and assess the status of an EWC valve, a centrifugal trigger image 
acquisition system was established. Specifically, an FS-V11 fiber-optic 
sensor (Keyence, Osaka, Japan) was mounted alongside the microfluidic 
device and triggered once per rotation. A UI-3060CP high-speed, 2.3 
megapixel camera (IDS, Obersulm, Germany) and 50 mm F1.4 camera 
lens (Canon, Tokyo, Japan) were used to record images of the micro-
fluidic device when triggered by the optical sensor. 

Due to image blurring when monitoring the rotating microfluidic 

Fig. 2. Fabrication process of centrifugal microfluidic devices integrated with EWC valves.  
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device, it was difficult to observe the movement of the fluid interface in 
the valve region during rotation. Accordingly, to probe the behavior of 
the liquid-air interface in the vicinity of the valve, we carried out a 
simulated experiment using a Ti-E inverted microscope (Nikon, Minato, 
Japan), with a Flow EZ pressure pump (Fluigent, Le Kremlin-Bicetre, 
France) being used to control the applied pressure (Fig. S2). A 10x 
Plan Achromatic Correction zoom lens (Nikon, Minato, Japan) was used 
to record the movement of the liquid interface via the UI-3060CP high- 
speed camera. The electric field is generated using a 33210A function 
wave generator and Model 2210 power amplifier. Surface wettability 
was assessed using a DSA optical tensiometer (Kruss, Hamburg, 
Germany). 

3. Results and discussion 

Four parameters, capillary channel width (w), capillary channel 
height (h), outlet angle (α) and outlet height of capillary channel (H) 
were initially investigated with regard to their impact on threshold 
pressure (Fig. S3). The threshold pressure was observed to decrease from 
296.8 mBar to 60.2 mBar as the channel cross-section was increased 
from 5 × 5 µm to 30 × 30 µm, whilst maintaining an aspect ratio of 1 
(Fig. S3b). The aspect ratio has a significant influence on threshold 
pressure repeatability, with the pressure RSD increasing from 6.6% to 
32.9% when the aspect ratio increases from 1 (w: 5 µm, h: 5 µm) to 6 (w: 
5 µm, h: 30 µm) (Fig. S3c). To ensure stable valve operation, all burst 
valves were fabricated with an aspect ratio of 1. Additionally, experi-
ments indicated that there was no significant change in the threshold 
pressure when the outlet angle is varied between 15◦ and 90◦ (Fig. S3d). 
The outlet height also has minimal influence on the threshold pressure 
(Fig. S3e). Accordingly, the outlet angle and outlet height were set to 90◦

and 50 µm, respectively in all experiments. 
We then compared the wettability of the PDMS surface with and 

without the application of an electric field, through measurement of the 
water contact angle. As can be seen in Fig. 3a, for a PDMS surface and 
without the application of an electric field, a contact angle 108 ± 2◦ is 
realized. Under application of voltage, the surface is charged and be-
comes increasingly hydrophilic in nature due to variations in surface 
energy close to the positive electrode (Fig. 3b). This is evidenced by a 
reduction in the contact angle from 108◦ to 62◦ as the applied voltage is 
increased from 0 to 1000 V (Fig. 3c). The generation of a wettability 
difference between the two sides of the droplet induces a continuous 
pulling force, with the entire droplet being driven towards the positive 
electrode. This complete process is shown in Movie S1. In general terms, 
wettability is controlled by the magnitude of the applied voltage and the 
electrode spacing. As can be seen in Fig. 3c, variation of the applied 

voltage from 0 V to 1000 V induces a large reduction of 44.5◦ in the 
water contact angle, with a minimum water contact angle of 62.5 ± 1.5◦

at 1000 V. Moreover, and as shown in Fig. 3c, a decrease in electrode 
spacing yields a smaller contact angle. 

Fig. 3d,e show the state of the liquid interface at the outlet of the 
valve before and after application of voltage (1000 V), respectively. It 
should be noted that an AC voltage is used in all experiments since it 
minimizes hysteresis effects [38]. Since it’s difficult to record the liquid 
status at the valve area, we use a pressure pump to mimic the driving 
force and a high-speed camera to record the liquid interface at the valve 
area (as shown in Fig. S2). Before application of voltage, fluid is held at 
the outlet of the narrow channel due to surface tension. As soon as the 
voltage is applied to the valve electrodes, the interface moves forward 
and along the microfluidic channel. Movie S2 shows the opening of an 

Fig. 3. Measured contact angle of PDMS surface without the application of an electric field (a) and under the application of 1000 V (b). (c) Contact angle of PDMS 
surface under the application of different voltage and electrode spacing. (d) and (e) Liquid interface at the outlet of the valve without the application of an electric 
field and under the application of 1000 V. 

Movie S1. A video clip is available online. Supplementary material related to 
this article can be found online at doi:10.1016/j.snb.2022.132276. 
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EWC valve under pressure pump control. Specifically, for an EWC valve 
and a 10 × 10 µm channel cross section, the threshold pressure is 195 
± 25 mBar without voltage application, and between 40 and 100 mBar 
when a voltage of 1000 V (50% duty cycle at 10 Hz) is applied. As seen 
in Movie S2, liquid interface movement is synchronous with the input 
electric field at 10 Hz. When the input voltage peaks at 1000 V, the 
liquid-air interface is furthest away from the valve, with the liquid 
interface returning to its original position when the input voltage de-
creases to zero due to surface tension. When voltage reaches 1000 V, 
surface tension is not sufficient to hold the fluid at the outlet, causing the 
opening of the valve. 

We next investigated the dependency of the threshold pressure on 
electrical and geometric parameters (Fig. 4). To confirm that the pres-
sure pump-based experiments were able to correctly mimic operational 

conditions within the centrifugal microfluidic platform, calibration ex-
periments (with and without an applied voltage of 1000 V) using both 
platforms were performed, with the results being presented in Fig. 4a. 
For these experiments, the liquid plug pressure on the centrifugal 
microfluidic platform is calculated using Eq. (1), with an electrode 
spacing, pulse frequency and duty cycle of 100 µm, 10 Hz and 50%, 
respectively. The EWC valve open data of centrifugal rotation speeds 
and their equivalent calculated threshold pressures are shown in 
Table S1. Inspection of Fig. 4a confirms that the threshold pressures are 
closely matched on both platforms and for all channel cross sections 
studied. 

Fig. 4b reports the threshold pressure of the EWC valve for different 
channel cross sections and different input voltages with the same elec-
trode spacing, pulse frequency and duty cycle used in the calibration 
experiments. It can be seen that threshold pressures for 1000 V and 
500 V are significantly lower than the corresponding threshold pres-
sures without the application of voltage for all channel cross sections. 
Conversely, it can be seen that when using a voltage of 200 V, EWC valve 
operation for larger channel cross sections is compromised. Put simply, 
application of a higher voltage leads to the generation of a stronger 
electric field between the electrodes, which in turn leads to a larger 
increase in surface hydrophilicity and a lower threshold pressure. That 
means the valve opening is a more robust process. 

To further investigate the operation of EWC valves, the electrode 
spacing was varied between 50 µm and 1000 µm, whilst maintaining the 
voltage, pulse frequency and duty cycle at 1000 V, 10 Hz and 50%, 
respectively. As shown in Fig. 4c, the threshold pressure decreases as the 
electrode spacing decreases, with electrode spacings below 300 µm 
allowing robust switching between open and closed states. Finally, an 
assessment of the effect of pulse frequency and duty cycle is shown in 
Fig. 4d for a voltage of 1000 V and an electrode spacing of 100 µm, with 
data indicating minimal variation in EWC valve performance. 

As noted, centrifugal microfluidic systems should ideally be adept at 
performing complex assays involving multiple reagents and numerous 
individual steps [39]. This requires the monolithic integration of mul-
tiple valves. To this end, we next fabricated a centrifugal microfluidic 
device containing two types of EWC valve. As shown in Fig. 5a, the 
device contains three (reagent) 1.5 μL reservoirs, a 5.5 μL reaction 
chamber and a 5 μL detection chamber. Loading EWC valves (labeled 

Movie S2. A video clip is available online. Supplementary material related to 
this article can be found online at doi:10.1016/j.snb.2022.132276. 

Fig. 4. The dependency of threshold pressure 
on electrical and geometric parameters. (a) 
Threshold pressure comparison between the 
pressure pump-based and the centrifugal 
microfluidic-based platforms with and without 
an applied voltage of 1000 V. The electrode 
spacing is 100 µm and the pulse frequency is 
10 Hz, with a duty cycle of 50%. (b) Variation 
in pressure with voltage between 0 and 1000 V, 
with an electrode spacing of 100 µm and pulse 
frequency of 10 Hz, with a duty cycle of 50%. 
(c) Variation of threshold pressure with elec-
trode spacing between 50 µm and 1000 µm, 
with a voltage of 1000 V at 10 Hz and a duty 
cycle of 50%. (d) Variation of threshold pres-
sure with voltage frequency and duty cycle 
when the electrode spacing is 100 µm and 
voltage is 1000 V.   
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1#, 2# and 3#) had a channel cross section of 15 × 15 µm, with R and 
Δr being equal to 4.5 cm and 1 cm, respectively. The downstream 
detection valve (labeled 4#) has a channel cross section of 7.5 × 7.5 µm 
(and thus is able to hold higher pressures), with R and Δr being equal to 
6 cm and 0.5 cm, respectively. The system was then used to process 
fluids as shown in Fig. 5b-f and Movie S3. In brief, the three reservoirs 
were filled with aqueous solutions of either purple, orange or green food 
dyes. Rotation of the centrifugal device at 800 rpm for 10 s, drives the 
fluids in three reservoirs towards valves 1#, 2# and 3#, concurrently 
removing any trapped air bubbles (Fig. 5b). Sequential application of 
1000 V to each valve, causes opening in less than 1 s, with the fluid in 

the corresponding reservoir being pushed into the reaction chamber at 
800 rpm in 10 s (Fig. 5c-e). Finally, 1000 V is applied to valve 4# whilst 
the centrifugal microfluidic device is rotated at 1200 rpm, causing the 
mixed fluid to move into the detection chamber (Fig. 5f). 

Finally, to showcase the utility of EWC valves within a centrifugal 
microfluidic platform, we performed a bead-based fluorescence-linked 
immunosorbent assay (FLISA). FLISA-based methods combine immu-
nosorbent assays with fluorescent reporters, where antibodies conju-
gated to a fluorophore are quantified through measurement of time- 
integrated emission intensities. FLISA-based techniques are well-suited 
to use in the small volumes associated with microfluidic systems since 
analytical sensitivities are high and limits of detection low [40]. Spe-
cifically, we performed a CD4 antigen-antibody fluorescence-linked 
immunosorbent assay. Prior to centrifugal manipulation, all the three 
reagents (CD4 antibody-bound magnetic beads, CD4 cell antigen and 
fluorophore-conjugated CD4 antibodies) are injected into their respec-
tive reservoirs (Fig. 6a). A detailed description of assay procedure is 
provided in Materials and Methods section. Next, valves 1# and 2# are 
opened under the application of 1000 V at 800 rpm. This allows CD4 
antigen and CD4 antibody-bound magnetic beads to be transferred into 
reaction chamber and mixed. This is followed by incubation for 1 h at 
36 ℃. All reservoirs and the reaction chamber are 50 µm high, so as to 
allow introduction of a sufficiently large volume of the assay mixture. 
Under the centrifugal force, the magnetic beads are driven against from 
the center of the motor due to higher density than the liquid. Since the 
beads move from the reaction chamber (1.5 μL) to the detection cham-
ber (0.03 μL), the concentration is increased approximately 50 times 
(Fig. 6b). After the initial incubation, valve 3# is opened under the 
application of 1000 V at 800 rpm to release fluorophore-conjugated CD4 
antibodies into the reaction chamber, as shown in Fig. 6c. After the 

Fig. 5. Sequential multi-step liquid manipulation using EWC valves. (a) Schematic of a centrifugal microfluidic chip containing 4 EWC valves. (b) Three reservoirs 
are loaded with aqueous solutions (of purple, orange or green food dye) (c), (d) and (e) Application of 1000 V to valves 1#, 2# and 3# to trigger sequential opening 
at 800 rpm, with the fluid in the corresponding reservoir being pushed into the reaction chamber within 10 s. The entire chip is oscillated by applying clockwise and 
counterclockwise spinning speed periodically to accelerate fluidic mixing in the reaction chamber. (f) 1000 V is applied to open valve 4# at 1200 rpm, with the 
mixed fluid being driven into the detection chamber. 

Movie S3. A video clip is available online. Supplementary material related to 
this article can be found online at doi:10.1016/j.snb.2022.132276. 
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second incubation, the magnetic beads are transferred into the detection 
chamber and collected by increasing the rotational speed to 2500 rpm, 
and detected using fluorescence microscopy (Fig. 6d). The images 
shown in Fig. 6e,f show the magnetic beads within the detection 
chamber and their fluorescence emission after the antigen-antibody 
reaction. This confirms that the magnetic beads are bound to 
fluorophore-conjugated CD4 antibodies, with the fluorescence intensity 
reporting CD4 cell antigen concentration. To further assess assay per-
formance, fluorescence intensities for CD4 antigen concentrations be-
tween 0.02 and 0.5 mg/mL were measured under identical experimental 
conditions and are shown in Fig. 6g. Despite the simplicity of the 
employed FLISA method, results demonstrate the utility of EWC valves 
in performing immunosorbent assays within microliter-volume centrif-
ugal formats. In this regard, it is important to note that the centrifugal 
FLISA platform ensures both sensitive and rapid analysis, whilst 
removing the cumbersome washing steps associated with conventional 
ELISA-based methods. 

4. Conclusions 

Herein, we have presented a new type of electrowetting valve for use 
in centrifugal microfluidic systems. In simple terms, the EWC valve 
holds liquid within a narrow microfluidic channel adjacent to a geo-
metric expansion and opens upon application of an electric field to 
surface-mounted electrodes. Significantly, the valves are controlled 
wirelessly via a WiFi-integrated PCB, and thus can be used to perform 
bespoke and complex fluid manipulations. Compared with the passive 
valves, the electric wetting mechanism increases the control flexibility 
on individual valves. Additionally, EWC valves are appreciably smaller 
than previously reported active valves based on mechanical, optical or 

chemical membrane deformation, with large numbers being easily in-
tegrated within a single centrifugal device. A key advantage of the 
developed platform is the fact that the centrifugal microfluidic device 
does not need to stop during operating to control valve status. Parallel 
operation on multi valves also becomes possible benefitting from the 
decoupling between trigging stimuli and disc spinning. The utility of 
EWC valves in biological experimentation was additionally highlighted 
through the quantification of CD4 human immune cell antigen con-
centration with a limit of detection of 0.04 mg/mL. Finally, since the 
integration of electrodes into the microfluidic device is both simple and 
inexpensive, EWC valves considerably enhance the operational and 
configurational flexibility of centrifugal microfluidic platforms, 
improving fluid control and enabling complex chemical and biological 
workflows to be performed with ease. 
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Fig. 6. Bead-based FLISA detection of CD4 human immune cell antigen in a centrifugal microfluidic platform integrating EWC valves. (a) Three reagents (CD4 
antibody-bound magnetic beads, CD4 cell antigen and fluorophore-conjugated CD4 antibodies) are injected into their respective reservoirs within the centrifugal 
microfluidic device. (b) Valves 1# and 2# are opened under the application of 1000 V at 800 rpm to allow CD4 antigen and CD4 antibody-bound magnetic beads to 
enter the reaction chamber for incubation and CD4 antigen capture by magnetic beads. (c) Valve 3# is opened under the application of 1000 V at 800 rpm to release 
fluorophore-conjugated CD4 antibodies into reaction chamber, with the liquid being incubated for 1 h after mixing. Subsequently, fluorescently labeled antibody is 
bound to the target protein. (d) Magnetic beads are collected in the detection chamber by increasing the rotational speed to 2500 rpm. (e) Brightfield image of 
magnetic beads within the detection chamber. (f) Fluorescence image of magnetic beads within the detection chamber. (g) Variation of fluorescence intensity with 
CD4 antigen concentration (from 0.02 to 0.5 mg/mL). 
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